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ABSTRACT 
MULTI-CHANNEL SPIRAL TWIST EXTRUSION (MCSTE): A NOVEL SEVERE 
PLASTIC DEFORMATION DESIGN: MECHANICAL PROPERTIES, STRUCTURE 
EVOLUTION, AND NUMERICAL ANALYSIS 
 
 
Recently, several severe plastic deformation (SPD) techniques were developed with the aim of 
incorporating grain refinement and strengthening metal forming technology in the industry. 
The interest in SPD techniques stems from their intrinsic feature of imposing large magnitudes 
of strain to different metals and alloys without undergoing any dimensional changes. Among 
the most established processes are equal channel angular pressing (ECAP), high pressure 
torsion (HPT), and twist Extrusion (TE).  The current research work aimed for the evaluation 
and validation of a novel flexible and cost-effective SPD die based on TE deformation 
mechanics, which would entice the uptake of such promising technology in the market. Multi-
Channel Spiral Twist Extrusion (MCSTE) innovative design was based on the use of 
customized stacked disks to host a non-circular cross-sectional billet to be processed through 
a TE die with a reduced twist angle (β) of 30o and 40o compared to 60o typically used in 
conventional TE dies. The introduced modifications to the conventional TE die provides a 
rather simple and effective solution that will translate into processing cost savings and higher 
die durability. 
 
In the current study, evaluation of the process was limited to investigating the influence of the 
number of passes, route type (A, C), twisting angle (b 30, 40o) and material (AA1100 and 
AA5083). Initially, a Screening Experiment was designed using Design Expert Software to 
validate the process and evaluate the influence of the different processing parameters. 
Moreover, evaluation of the effective stresses and strains associated with MCSTE processing 
was conducted through numerical analysis employing Simufact forming software. Mechanical 
properties (microhardness and tensile behavior), fracture behavior, and structural evolution 
using optical and scanning electron microscopy and EDS, which were employed to further 
explain the process deformation characteristics.  
 
Based on DoE results, Route A and punch speed of 10mm/min were set in further experimental 
studies. Also, it was concluded that increasing the number of passes had the most pronounced 
impact on the mechanical properties. Moreover, all the results suggested that the grain 
refinement strongly depended on the die geometry and strain hardening behavior of the 
material. In all cases, the hardness and tensile properties increased monotonically as a function 
of increasing the number of passes with insignificant reduction in ductility for both tested twist 
angles. The highest improvements and grain refinement were attained after deformation via 
angle b 40o for both materials. The finest average grain size attained in AA1100 post 4-passes 
was 28.5 microns and 1.5 microns in AA5083 post 1-pass of MCSTE. The comparison between 
the FEM finding and empirical findings revealed that the increase in properties is mainly 
associated with the increase in average strain induced (~0.9) which approached that induced 
by typical TE dies (b = 60o) of 1.2. Additionally, the processing loads and effective stresses 
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induced by MCSTE were much lower compared to conventional TE processing, which 
suggests prospects of prolonging the lifetime of the die and enhancing its durability. 
 
Moreover, inspection of the distribution of properties along the longitudinal and transverse 
cross-section of the MCSTE (b = 30o) extrudates and optical micrographs of the microstructure 
indicated a rather homogenous distribution compared to that achieved in MCSTE (b = 40o) 
extrudates. Furthermore, analysis of tensile fracture surfaces using scanning electron 
microscopy (SEM) showed a ductile mode of failure that initiated at segregated impurities and 
Al-Mg precipitates in AA1100 and AA5083, respectively. The detailed analysis presented 
herein; validates the effectiveness of MCSTE as an SPD tool for grain refinement with a 
favorable potential for industrial applications. 
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INTRODUCTION 
The infamous hall-petch equation signifies the precise importance of grain size and its 
impact on the strength of polycrystalline material. Along with the enhancement in strength 
comes key improvements in mechanical and physical properties, which has led to the growing 
notion of fabricating materials that are commonly known as “Ultrafine Grained Material 
(UFG)” (Langdon, 2013). Conventionally, various thermo-mechanical techniques were used 
to refine the structure of several polycrystalline metals and alloys.  Different methods such as 
rolling, extrusion, etc. were the most common work hardening processes conventionally used. 
However, conventional techniques are commonly associated with a major sacrifice in ductility 
as a result of strengthening (Azushima et al.,2008).  Additionally, they are usually restricted 
by the amount of strain which could be induced without major reductions in the billets 
dimensions. Such constraint has limited their capability to refine grains only to the order of ~ 
1-2 µm.   
 
A prerequisite for fabricating materials exhibiting a favorable balance between strength 
and ductility, is the attainment of an ultrafine structure. UFG materials are defined as 
polycrystalline material with an average grain size that is less than 1 µm (Huang & Langdon, 
2013). There are two basic and complementary approaches that have been developed for the 
fabrication of such materials; “Bottom-up” and “Top-down” processes. They are both opposing 
in the sense that in the bottom-up approach, micro- or nano-size particles represent the building 
blocks of rather more complex structures synthesized by either chemical or physical methods 
such as ball milling that would subsequently require consolidation into bulk material by means 
of pressure and heat. Whereas, the top-down method starts with bulk solid, that could be 
structurally decomposed, to obtain what’s known as UFG structures or in other cases would 
form bulk nanostructured material (BNM) (Zehetbauer & Zhu, 2009). Bottom up approaches 
generally render structures that are small and porous, unfavorable for further applications. 
Moreover, as aforementioned, while top-down approaches seem to be the most effective, 
traditional thermo-mechanical processes still exhibit major constraints in the synthesis of UFG 
material. As a consequence, a paradigm shift in the synthesis routes of UFG materials has been 
directed to the development of alterative processing techniques. Over the past two decades, 
severe plastic deformation (SPD) techniques have evolved as an effective exemplary of top-
down alternative schemes that impose substantial strain values sufficient to produce UFG 
structures without inducing any dimensional changes (Chengpeng et al., 2012). In several 
cases, the grain refinement can be highly impressive with a capability of refining pure metals 
                                               
1 Parts of this Chapter were taken from authors’ publication, “El-Garaihy, W.G., Fouad, D.M. & Salem, H.G. 
(2018). Multi-Channel Spiral Twist Extrusion (MCSTE): A Novel Severe Plastic Deformation Technique for 
Grain Refinement. Metallurgical and Materials Transaction A, 49, 2854-2864.” 
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by more than 50% (Estrin, 2013). Thus, the successful implementation since the early 1990s 
has led to the emergence of numerous techniques with an extensive literature noted for its rigor. 
 
Nowadays many variants of SPD techniques, which tacitly employ the generic feature 
of high hydrostatic pressure, are readily available for the fabrication of a great variety of metals. 
Among the most developed are Equal channel angular pressing (ECAP), High Pressure Torsion 
(HPT) and Twist Extrusion (TE). These methods have proven to be very successful early 
implementations of the principles of SPD dating back to the early 1980’s (Toth & Gu, 2014).  
ECAP works by pressing a metal billet/rod through an angled (typically 90 degrees) channel. 
To reach optimal results, the process is repeated several times with changing the orientation of 
the billet in each pass, thus it was regarded as a non-continuous and for that reason the HPT 
process was introduced (Estrin, 2013). In the latter, very high compression pressure is applied 
on a disc and the generated large friction force permits to shear the disc by torsion all in one 
single operation (Toth & Gu, 2014). Several researchers have regarded HPT as the most 
efficient grain refinement method. However, its main limitation is that only small coined 
shaped samples typically in the range of 10-15mm in diameter and 10mm thickness could be 
processed (Estrin, 2013). This drawback has hindered the applicability of such thoroughly 
researched technique outside the scope of laboratory experimentation.  
 
Inspired by the two aforementioned techniques, TE was invented so as to combine both 
the shear and torsional characteristics of ECAP and HPT deformation techniques.  Among 
these methods, Twist extrusion presents a rather promising SPD technique. The principle is to 
extrude a billet through a twist die which is twisted to some angle in one direction and then re-
twisted to the same angle in the opposite direction. The billet is pressed out through the twist 
die with a profile consisting of two straight regions separated by the twist channel with the 
most important parameters generally set as follows: a twist slope angle, rotation angle. It is 
described in several studies that the amount of deformation and strain distribution depends 
heavily on the geometry of the twist channel. Varying the slope and rotation angles as well as 
the height of the twist zone would lead to the intensification of strain, which would be highly 
beneficial for grain refinement and the overall deformation accumulation (Stolyarov et al., 
2005; Beygelzimer et al., 2008).  
 
Several experimental studies in TE were conducted in the last decade, mostly conducted 
on FCC structure pure Al and Al alloys which are regarded as a comparatively easy to deform 
material. Additionally, pure aluminum suffers from having a relatively low strength -approx. 
70 MPa- compared to other metals used in structural applications and thus, strengthening via 
TE and SPD techniques and especially alloys that are non-heat treatable- becomes of prime 
interest (Davis, 2001). While the homogeneity of the mechanical and structural properties as a 
function of the number of passes has drawn the attention of several researchers and has been 
the main focus in the field (Beygelzimer et al., 2017), only a few improvements or 
modifications of the die were proposed (Beygelzimer et al, 2015). These modifications mainly 
focused on combining two SPD processes such as ECAP and TE to produce a hybrid that would 
induce higher strain magnitudes and results in enhanced deformation (Kocich et al, 2010). 
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Moreover, these modifications were generally analyzed through either theoretical or finite 
element modeling and were not supported by empirical data (Li et al., 2015).  
 
In the quest to incorporate SPD in the industry, various issues such as tool cost, material 
waste, etc. have never been addressed nor accounted for in TE or SPD-based modified designs. 
Thus, the need to design and evaluate a rather flexible cost-effective tool becomes of imminent 
need. Accordingly, the main objective of this research to provide a thorough investigation of 
the viability and capabilities of the MCSTE innovative TE design through employing statistical 
analysis, numerical and experimental evaluation. 
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CHAPTER 2 
 
BACKGROUND 
Strengthening of polycrystalline material has been a perpetual interest of researchers 
and a recurring subject in mechanical metallurgy. A principal discovery has been the 
correlation between properties such as yield, flow, and fracture stress and their dependence on 
a materials’ macro- and microstructural features, i.e. chemical composition, crystallographic 
defects, grain size and orientation, and second phase particles. In reality, most metal crystalline 
solids are composed of imperfect crystals, which -in their as-formed state- are comprised of 
dislocations as a result of the residual stresses associated with subsequent thermomechanical 
forming processes (Mercier, Zambelli, & Kurz, 2003). Dislocations are topological defects that 
are considered stable structures; free to move within a crystal lattice as depicted in Fig.2.1. In 
1934, Taylor, Orowon, and Polanyi established the fundamentals of plastic deformation 
mechanics interlinking it with dislocation plasticity (Morris, 2007). Their research laid the 
scientific foundation explaining the physical mechanisms by which crystalline material 
plastically deform; translating “crystal plasticity” to “dislocation mechanics” (Argon, 2007). 
Thereafter, it was followed that dislocations are the main carriers of plastic flow; when shear 
stresses are applied, plastic deformation occurs due to the motion of dislocations (slip) in 
accordance with Schmidt’s law (Smith,1996). These crystallographic defects were observed 
and verified - almost two decades after- owing to the development in electron microscopy and 
imaging techniques; Fig. 2.2. The degree of freedom by which the dislocations are allowed to 
move determines the extent of a materials plasticity. It is, thus, inherent that impeding their 
motion would result in strengthening of polycrystalline material. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1 Simulation of dislocations in FCC Cu post plastic deformation (Mercier, Zambelli, & Kurz, 2003). 
There are several strengthening mechanisms exploiting the theory of dislocation 
plasticity. There are four main strengthening mechanisms for metals and alloys; listed in Table 
2.1, which introduce crystal defects which pins the motion of dislocations and prohibits the 
initiation of inelastic processes. These obstacles induce stress field interactions with other 
dislocations and physical barriers that hinder the dislocation mobility and its propagation 
within a crystal lattice. As aforementioned, the strength of a material greatly depends on its 
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microstructure. Consequently, all the hardening methods manipulate and distort the 
microstructure in such a way so as to increase the stress “flow stress” required to cause the 
material to deform and thus, hinder the onset of plasticity and increase the yield strength of the 
material. Theoretically, a material could be made infinitely strong if infinite microstructural 
barriers are introduced. However, empirical tests have indicated that each strengthening 
mechanism exhibit different hardening rates and involve compromises in other material 
properties such as ductility which limits the intensity of strengthening that could be achieved 
(Razaej et al., 2017). In the following sections, a brief overview on the various types of 
strengthening mechanisms is presented. 
 
 
 
 
Fig. 2.2 Bright-field TEM Images of (a)Dislocation cell structure in Cu deformed at R.T. (Devincre & Kubin, 1997) (b) Slip 
bands in polycrystalline Al (Smith,1996) (c) high density of dislocations -indicated by white arrows-in deformed Cu (Valiev, 
2014). 
2.1 STRENGTHENING MECHANISMS 
2.1.1 Solid Solution Strengthening 
The dawn of metallurgy started when in prehistoric periods, humans discovered the first 
alloy. The discovery marked the “bronze age” era; it was formed by mixing copper with tin to 
produce a stronger and harder metal used to make weapons and tools and was later referred to 
as bronze “bell metal”. Oblivious, at the time, that they were the catalysts of what became a 
very important strengthening mechanism, solid solution strengthening (SSS). 
 
b) a) 
c) 
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The technique simply dissolves one metal (solute) into a host metal (solvent) during 
casting. There are two types of SSS methods: 1. Substitutional solution and 2. Interstitial 
Solution. In the former, the combination between two or more metals could be made by the 
solute atoms replacing those of the solvent material in the crystal lattice. According to Hume-
Rothery rule, the degree of solubility is mainly determined by the difference in atomic size and 
crystal structures; where appreciable solid solubility is achieved if the relative atomic sizes are 
similar and crystal structures are similar (Callister & Rethwisch, 2015). The second type of 
solid solution refers to those where atoms of much smaller size than the solvent fill the 
interstitial sites and spaces in the crystal lattice to form interstitial alloys or solid solutions; i.e. 
carbon in steel. Once again, the alloying elements forming either substitutional or interstitial 
solid solutions represent obstacles resisting plastic deformation, as illustrated in Fig. 2.3b. It 
will then require a higher stress for the dislocations to move around the restraining atoms. 
 
Solute atoms present either as substitutional or interstitial elements create crystal 
inhomogeneity as they never fit perfectly within the solvents crystal lattice. Solute atoms tend 
to diffuse and segregate around dislocation to find atomic sites suited for their size. For 
example, in substitutional solutions, the large solute atoms are attracted to regions just below 
edge dislocations where their size releases the hydrostatic tension present. This attraction 
lowers the overall strain energy of the system and a larger force is needed to break the 
dislocations free from the pinning atoms (Hosford, 2010).  According to Courtney (1999), the 
shear stress required to move a dislocation in substitutional solid solutions is estimated through 
the empirical formula (2.1); 
 ∆𝜏 = 𝐺x)/+𝐶-/+                                                                                                             (2.1) 
where C is the solute atom concentration (atomic fraction). 
 
Depending on their size and dispersion within a crystal structure, these point defects 
impart either compressive or tensile stresses and induce additional-variable-strain within their 
vicinity. According to Argon (2007), these strain fields interact with dislocation strain fields to 
impede their motion and increase the yield strength of the material.The degree of strength 
imparted by the alloying element depends on their concentration and relative size between the 
solute and solvent. As can be observed from Fig. 2.3a, the strength is directly proportional to 
the concentration of the solute atoms in the solid solution. Moreover, in Fig. 2.3b, the larger 
the difference in the size between the solvent and solute atoms “misfit”, the more distortion to 
the crystal lattice and hardening of the host metal; i.e. in Cu alloys, Sn and Sb are nearly double 
the size of Cu and thus, lead to the highest strength. It follows that the potency of strengthening 
is usually much higher for interstitial solutions as the solubility is normally very low and the 
misfit parameter high compared to its counterpart (Dowling, 2012). 
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Fig. 2.3 a) Effect of solute concentration on the shear yield Strength of Cu Alloys (Hosford, 2010, p.187); b) Effect of solute 
misfit parameter, e  on the corresponding solute hardening of Cu (Hosford, 2010, P.188). 
2.1.2 Precipitation Hardening 
The solubility of a particular impurity in a given metal is limited, but this constraint 
usually increases with temperature. In this case, upon cooling the impurity tends to precipitate 
to form a different chemical compound that differs in composition from the major constituent 
material (Dowling, 2012). Consequently, similar to SSS, discrete obstacles in the form of 
second phase particles of the alloying element are formed and act as solute atoms within the 
crystal lattice giving an opportunity for strengthening via precipitation hardening. According 
to any given alloys’ phase diagram, the nucleation of second phase particles initiates at fixed 
temperatures and compositions to form a specific volume fraction of the precipitate. 
Additionally, the size of the precipitates depends largely on the aging time as shown in Fig.2.4. 
 
Fig. 2.4 Precipitation Hardening of Al-4%Cu alloy; slow cooling of solid solution from (a-b) produces grain boundary 
precipitates, Rapid cooling from (a-c) produces a supersaturated solution (d) followed by aging at a moderate temperature to 
form fine precipitates (e) particles coalesce into coarser precipitates post overaging (Dowling, 2012). 
Moreover, the presence of uniform dispersions of fine, hard second phase precipitates 
gives rise to substantial distortions in the crystal lattice of the host metal that are highly 
effective in restricting plastic deformation and improving a material’s yield strength 
a) b) 
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(“Dislocation Plasticity”, 25). Also, it is desirable for aggregates of the precipitate particles to 
be coherent with the host metal. In other words, it is favorable that for the crystal planes to be 
continuous across the precipitate boundary which translates into a more pronounced 
precipitate-induced strain field within the interface, making it more difficult for dislocations to 
move not only around the particle but within its vicinity as well (Argon, 2007).  Additionally, 
multiple phases could co-exist featuring needlelike shapes or different crystal structures that 
could be more resistant to deformation than others such as in the case of Ti alloys having both 
BCC and HCP crystal structures (Dowling, 2012). All of these discontinues contribute in the 
strengthening of the base material; the stress required for a dislocation to move is a factor of 
the precipitate volume fraction (ƒ) and size-radii (r), approximated by the following precipitate 
hardening law (2.2) (Courtney, 1996); 
 ∆τ = CGx)/+(ƒ.45 )-/+                                                                                                            (2.2) 
where 𝐶	𝑖𝑠	𝑎	𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. 
As aforementioned, hard particles on slip planes form barriers for deformation and for 
slip to continue, dislocations could assume two routes: either (1) cutting through particles 
especially if they are small in size (approx. 5nm) or (2) for larger precipitates (approx. 30nm), 
looping and bowing between the particles as demonstrated in Fig.2.5 a-b, respectively (Argon, 
2007). 
 
Fig.2.5 Precipitate-dislocation interactions (a) Particle Cutting (b) Particle Looping (Argon,2007). 
2.1.3 Strain Hardening 
Strain hardening is an obvious, natural consequence, of most forming processes. 
Straining metals at relatively low temperatures-below their melting temperatures- is commonly 
referred to as cold working which results in the buildup of the principal crystal imperfections 
responsible for hardening of metal solids (Hatch, 1984). The increase in dislocations results in 
their interaction and the generation of stress-strain fields within the crystals lattice. Such 
repulsive and attractive fields result into the impediment of dislocation motion which, in effect, 
restricts the materials plasticity (Hosford, 2010). Additionally, dislocation entanglement occurs 
when they cross each other which creates the pinning points which oppose the dislocation 
motion. Furthermore, deformation leads to the multiplication of dislocations which creates a 
a) 
b) 
a) 
b) 
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dense array at grain boundaries and agglomerates the discontinues within the crystal structure.  
A severely cold -worked metal has a dislocation density (r^ ) in the order of 1014 /m2, which 
results in a substantial hardening effect and increase in the shear stress needed for slip to occur. 
This hardening effect is outlined by equation (2.3) (Courtney, 1996). 
 ∆𝜏 = a𝐺b𝜌@-/+	                                                               (2.3) 
where a is a crystal structure constant and typically is 0.2 for FCC and 0.4 BCC structures. 
 
Moreover, the empirical equation (2.4) correlates the increase in yield strength of a material as 
a function of the r^ (Hatch, 1984). 
 ∆sA = 𝐺𝑏C𝜌@                                                                                                                     (2.4) 
 
Moreover, the most important dislocations’ interaction are those between mobile 
dislocation and others that intersect and are perpendicular to the slip plane; commonly referred 
to as forest dislocations. They act as point obstacles to the propagation and motion of 
dislocations that are much stronger than dislocation-solute interactions (“Dislocation 
Plasticity”, 23). Furthermore, the theory of dislocation multiplication has been well established 
by British physicists, Frank and Read in their pioneering work on dislocation mechanics in the 
1950s. They have proposed the renowned theory “frank-read source” which elucidates the 
mechanism by which dislocations proliferate in slip planes under the action of shear stress 
during a plastic deformation process. In order for slip to occur, dislocations must be formed. 
These are classified as “geometrically necessary dislocations” which develop along the grain 
boundaries to help match the plastic strain across the grains (Hosford, 2010).  
 
Furthermore, Fig. 2.6 explains the mechanism of the frank-read source and the process 
by which dislocations increase during deformation. 
 
 
Fig. 2.6 Frank-Read Source Schematic (a) A dislocation of length ,d, is pinned at points A and B (b) shear stress is applied 
and results into bowing (c) bowing increases to form a semi-circle at maximum shear stress (d-e) a dislocation loop is formed 
(f)loop expansion and the formation of a new dislocation A-B is formed (Hosford, 2010, P.157). 
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Under the shear stress action applied during deformation, a force will be applied on the 
dislocations and cause it to bow. The strain field and line tension of the dislocation will resist 
further bowing, but as the shear stress increase, the bowing will increase and result to the 
dislocation spiraling (Fig. 2.6d) and as the two ends are in contact, they annihilate and form a 
loop (Fig.2.6e) which expands and form further dislocations (Fig. 2.6f) under increased 
deformation. Consequently, as the percent of cold work increases, the strength continues to 
increase due to the continuous generation of crystalline imperfections which prevents further 
permanent deformation and increases a materials yield point (Courtney, 1996). Conversely, 
even though strain hardening is known to be an effective strengthening process (refer to the 
hardening effect in Table 2.1), it is important to note the adverse effects further deformation 
would have on the ductility of the deformed material. As the material hardens it loses its ability 
to elongate and plastically deform and for that reason annealing becomes necessary to relieve 
some of the stresses and restore some of the ductility through dynamic recovery and 
recrystallization (Callister & Rethwisch, 2015). Thus, optimization of the key processing 
parameters associated with the different thermo-mechanical processes becomes of prime 
importance to achieve the desired properties. 
2.1.4 Grain Refinement 
Strengthening of polycrystalline materials by grain size refinement alleviates the 
aforementioned limitations encountered by the application of strain hardening processes; it 
generally achieves enhamcements in strength coupled with good ductility (Hoffman, 2011). In 
this mechanism, grain boundaries act as interfacial barriers that obstruct dislocations. In 
classical plasticity theory, grain size of crystalline material should have no influence on their 
plastic behavior (Jing et al., 2009). However, the notion is based on the classical “hall-petch” 
effect which models the intergranular dislocation interaction and resistance, where the 
resistance to dislocation glide between the adjacent grains is due to the presence of a grain 
boundary (GB). Under an applied stress, dislocations present in a given slip plane and those 
generated in Frank-Read sources will move until they encounter a GB and since the orientations 
of the active slip planes change abruptly along the adjacent GBs due to misalignment, 
dislocations would have to change their direction and lose their energy. Dislocations are then 
blocked within the grain and pile-up. The cumulative repulsive forces generated by the 
dislocation pile up reduces the overall energy of the system and help lessen the energetic barrier 
for the independent dislocations to traverse and propagate into adjacent grains which ultimately 
promote further deformation. 
 
Moreover, the hall-petch relation (2.5), suggests that further strengthening would be 
achieved by refining the average grain size (diameter), d; where the yield strength is inversely 
proportional to d1/2 (Hosford, 2010). So, by changing the grain size, the dislocation pileup and 
movement would be influenced as well as the properties achieved. 
 𝜎A = 𝜎E + GH√$                                                                                                                          (2.5) 
where 𝑘A is material-specific strengthening coefficient. 
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When a coarse grain slips, dislocations glide along slip planes and pile up against the 
GB as depicted in Fig. 2.7. The larger and coarser the grain size is, the more potent it would be 
for dislocations buildup and propagation along its boundary (“Dislocation Plasticity”, 26). The 
contrary occurs in finer grains, where the possibility of dislocation pileup at the boundary is 
reduced increasing the amount of shear stress required to move the dislocations along the grain 
boundary estimated by the following empirical formula (2.6) which is based on the hall-petch 
effect; 
 ∆𝜏 = GH√$                                                                                                                                  (2.6) 
 
Fig.2.7 Schematic representation of (a) dislocation pileup along GBs (b) crystal lattice distortion (Chengpeng et al., 2012). 
 
Also, the increase in fine grains would mean having a greater surface area to volume ratio 
which translates into a higher GB to dislocation ratio and the higher the possibility to stop their 
motion. Additionally, the angle of misorientation between the adjacent GBs, plays a principle 
role in blocking and obstructing the dislocation motion. For instance, low angle grain 
boundaries (LAGBs) having misorientation angles less than 15o are generally less effective 
than high angle grain boundaries (HAGBs) where the high misorientation and discontinuity 
prohibits dislocations and makes it more difficult to traverse; Fig. 2.8 (Callister & Rethwisch, 
2015). 
 
Fig. 2.8 A schematic representation of High and Low angle grain boundaries (Callister & Rethwisch, 2015). 
A recent study conducted to evaluate the influence of different strengthening 
mechanisms on the mechanical properties of AA6061 aluminum alloy, reported that grain 
refinement was the dominate strengthening mechanism in comparison with solid solution 
strengthening and strain hardening methods (Razeai et al., 2017).  The findings indicated that 
substantial enhancements in strength was achieved simultaneously with reasonable ductility 
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and toughness which is the main advantageous feature of the grain refinement technique. Aside 
from the enhancement in strength and ductility, other properties such as fatigue behavior, 
corrosion resistance, etc. (Bansal &Sharma, 2015). 
 
Table 2.1 Strengthening mechanisms in metals and alloys and microstructural constraints (Courtney,1996; Dowling,2012). 
Mechanism Microstructural Constraint Hardening 
Solid Solution strengthening Interstitial and /or substitutional impurities Weak 
Precipitation Hardening Dispersion of hard precipitates Weak 
Strain Hardening High dislocation density and entanglement Strong 
Grain Refinement Altering grain size and orientation. Strong 
 
Nevertheless, the grain size cannot be decreased infinitely as it should be noted that 
recent experimental data revealed the invalidity of the linear Hall-petch relation-between yield 
stress and the grain size-  for grain sizes less than 100nm (Mompiou et al.,2013). As seen in 
Fig. 2.9, the behavior of Cu alloys in the micron and submicron range is inverse to that in the 
nanoscale range where the hall-petch relation no longer applies. The change in behavior is 
attributed to the change in the deformation mechanism itself, where for Nano-sized grains, it 
becomes difficult to fit more than one dislocation in one grain and thus the pileup of 
dislocations that promotes the intergranular dislocation process is no longer applicable and 
grain boundary processes such as sliding dominates (Mompiou et al.,2013). 
 
 
Fig. 2.9 Plot of Grain Size versus the hardness increment as a function of Conventional Cu versus Nanocrystalline Cu (Hosford, 
2010, P.186). 
2.2 ULTRAFINE GRAINED MATERIAL 
The current rapid evolution in technology and industry demanded critical 
advancements in the field of material science and metallurgy. As the race for improved 
materials’ performance never ends, the development of viable techniques for the careful 
synthesis of microstructure continues. The essential need to tailor material to the desired 
properties stems from the new requirements set by various modern applications; i.e.  the need 
for components to combine strength, stiffness and light weight in applications such as 
automotive and aerospace industry. Accordingly, the fabrication of material, which exhibit 
high specific strength and modulus has become an essential focus for material scientists and 
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researchers (Prangnell et al., 2001; Azushima et al.,2008). Several strengthening methods, 
outlined in section 2.1, are conventionally applied for purposes of fabricating materials with 
the anticipated properties. The highlighted competency of grain refinement as the predominate 
strengthening technique that result in the simultaneous increase in the strength of material 
coupled with minimum adverse effects on ductility and toughness has led to the growing notion 
and perpetual interest towards understanding the deformation mechanisms of ultrafine grained 
material (UFG) and their benefits to the industry (Prangnell et al., 2001). 
 
UFG material commonly refer to material with grain size less than 1 µm (Huang & 
Langdon, 2013). Fig. 2.10 provides a general behavior for the different types of material as a 
function of the grain size (Strinivasan, 2006).  The plot outlines two main categories of fine 
grained material, where the typical grain size in UFG structures varies from 1000-to-100nm 
and that in Nano-scale material are generally in orders less than 100nm. Moreover, UFG 
structures, usually, encompass a large volume fraction of HAGBs, which has a pivotal role in 
the development and exhibition of superior properties (Valiev et al., 2014). The yield strength 
of UFG material, within the submicron range, is about 5 times larger when compared to their 
coarse-grained counterparts (Azushima et al., 2008). 
Fig. 2.10 General classification of material as a function of grain size and the corresponding flow stress (Sanusi et al., 2012) 
2.2.1 Synthesis of UFG Material 
Two main approaches are adopted to synthesize UFG material and are categorized into 
“bottom-up” and “Top-Down” approaches, illustrated in Fig. 2.11. 
 
I. Bottom-Up Approach 
In the “bottom-up” approach, UFG materials are made-up by the assembly of 
individual atoms or by consolidating and sintering of particulates. They comprise different 
techniques suc as; inert gas condensation, chemical and physical deposition, ball milling 
with subsequent consolidation and hot isostatic pressing; outlined in Fig. 2.11 (Valiev et 
al., 2014; Sadek,Attalah, & Salem, 2009). Technically, these methods are often limited to 
the production of relatively small samples that are only useful for micro-applications but 
are rendered as inappropriate for large-scale and load-bearing structural applications. 
Furthermore, the finished products obtained by these techniques inevitably contain some 
degree of residual porosity due to insufficient consolidation, which may lead to major 
disadvantages such as the deterioration of mechanical properties of the materials (Zhu & 
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Langdon, 2004). As a result, the approach has rendered itself unfavorable for further 
commercialization and structural applications. 
 
II. Top-Down Approach 
The “Top-Down” approach involves solid-state processing through the breakdown of 
coarse-grained bulk structured material into UFG structures by means of imposing high 
hydrostatic pressure and strain (Salem, 1997; Salem & Goforth, 2000; Zhu & Langdon, 2004). 
The approach has been widely accepted as an efficient, cost-effective strengthening method 
compared to bottom up processes as well as solid-solution and precipitate strengthening 
methods which could be readily applied on various ingots of different alloys. This is 
particularly interesting for applications involving medical implants; where it offers to 
strengthen commercially pure biocompatible metals such as Ti while excluding the need to add 
potentially harmful and toxic alloying elements to achieve the required strengthening effect 
(Valiev et al., 2016; Qarni et al.,2017). Additionally, this approach alleviates the drawbacks of 
small workpiece sizes and contamination that are inherent features of materials produced using 
the ‘‘bottom-up’’ approach. 
 
 
 
 
 
 
 
 
 
 
Fig. 2.11 Schematic representation of (a)Different Forming and Processing techniques used to fabricate conventional 
polycrystalline and nanocrystaline material (Ullah, 2006) (b) Top-Down and Bottom-Up approach used to fabricate UFG 
material. 
Conventional metal forming techniques such as rolling, extrusion, etc. fall under the 
category of top-down forming processes which convert coarse grained solids into fine grained 
structures. However, they are generally restricted in their ability to form UFG material. The 
reason is behind the exceptionally high strain required for dislocations to multiply and, in turn, 
re-arrange to form an array of HAGBs associated with the formation of UFG material. The 
effective plastic strain imposed by most of the conventional forming methods are primarily less 
than 2. Further increases in the applied strain is accompanied by unfavorable cross-sectional 
reductions in the deformed workpiece, where in some cases would become unacceptable for 
further applications and use (Azushima et al., 2008). As a consequence, a paradigm shift in the 
synthesis routes of UFG materials has been directed to the development of alterative processing 
techniques. Over the past two decades, severe plastic deformation (SPD) techniques have 
evolved as an effective exemplary of top-down alternative schemes that impose substantial 
a) b) 
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strain values sufficient to produce UFG structures (Chengpeng et al., 2012). The successful 
implementation since the early 1990s has led to the emergence of numerous techniques with 
an extensive literature noted for its rigour. 
2.3 SEVERE PLASTIC DEFORMATION 
SPD techniques refer to a group of metal forming processes that impose intense plastic 
shear in conjunction with high hydrostatic pressure that is responsible for the increase in 
crystallographic defects such as dislocations and planar densities and attainment of the 
proclaimed superior properties. In contrast to traditional forming, a key feature to most SPD 
methods is the ability to achieve ultra-fine grain sizes in the range of 140nm without any 
accompanied dimensional change in the deformed workpiece. Owing to the mode of 
deformation associated with most SPD methods; the simple shear applied on the material under 
superimposed hydrostatic pressure offers a new avenue to refine bulk structures through means 
of relatively economic methods that do not change the overall dimensions of the workpiece. 
Additionally, the grain refinement achieved doesn’t only improve yield strength but it also 
impedes crack initiation and further propagation, thus, delay fracture and enhance fracture 
strength and fatigue properties (Toth & Gu, 2014). This is especially beneficial for the low-
strength commercially pure and low-alloy metals which could be dramatically enhanced via 
intense deformation (Vedani et al., 2004). As tailored material properties are becoming 
rigorous in the current technological era, there is a continuous increase in the markets 
requirement for metals and alloys of higher strength. This finds applications in various 
industries such as aerospace, automobile, transportation, electronics, and defense industries. 
To that end, the market emphasis and the trend for superior material properties have drawn 
considerable interest in the development of UFG materials by severe plastic deformation. 
 
It is not common knowledge that the general concept of SPD processing could be traced 
to ancient ages when local craftsmen in approx. 200 BC China invented a novel technique for 
the manufacturing of swords from steel. The metal was typically forged and folded fifty times 
in a repetitive manner to form the infamous “Bai-Lian” Steels (Langdon, 2013). The Bai-Lian 
steel, or in other words “thoroughly tempered steel”, provided a successful process which 
spread across Asia and gave way to the equally famous “Damascus” Steels established in the 
middle east (Lu et al., 2015). However, as the scientific fundamentals were not formally 
documented nor were they fully understood, the principles of these techniques were lost by the 
end of the 18th century (Koch, Langdon, & Lavernia 2017). 
 
It was not until the 1930’s, when professor P.W. Bridgman remarkable work laid the 
scientific foundation of high pressure physics, the background for what is now known as SPD 
processing. His lab research in Harvard University, upon which he was granted a Nobel prize 
in physics, provided a comprehensive series of experimental investigations on the application 
and influence of high pressure on bulk solids (Estrin & Vingradov, 2013). However, the actual 
implementation of the theories of high pressure physics didn’t start until the development of 
new analytical and microscopic tools emerged, which provided -for the first time- direct 
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evidence that the improved mechanical properties were due to the grain refinement in severely 
deformed samples (Langdon, 2013). 
2.3.1 Deformation Mechanism by SPD 
Early publications -since the 1980s- demonstrated the ability of SPD techniques to 
employ severe plastic straining in the production of bulk materials possessing fairly 
homogeneous microstructures with fine grain sizes in the submicrometer range. Theoretically, 
due to the constant shape and geometry, SPD straining is unlimited. On the other hand, 
practically, the tendency for strain saturation in high staking fault energy (SFE) alloys and 
recovery and recrystallization in low SFE alloys sets the limits and constrains the process 
(Zhilyeav, Sergeev, &Langdon, 2014). 
 
Surprisingly, despite the vast literature on SPD techniques, the mechanism of grain 
refinement in SPD remains a perplexing subject for most researchers. Several, generally, 
accepted theories have been proposed as an attempt to provide explanation to the underlying 
process by which grain subdivision and fragmentation continuously occur during SPD 
processing. Among the most commonly accepted type are the dislocation density-based 
models, which provide an accurate framework explaining the mechanics of grain refinement 
during SPD (Estrin & Vingradov, 2013). Essentially, all theories agree that the advent of the 
phenomenon of grain refinement in severely deformed bulk solids is due to the activation of 
recrystallization (Sakai et al., 2014). The recrystallization process, in this case, is based on the 
concept that the cellular structures formed by dislocations-which form during the early stages 
of straining- gradually evolve into the UFG granular structures exhibited by most SPD metals 
(Estrin & Vingradov, 2013). The first model was suggested by Kocks and Mecking who 
described the deformation of metals and alloys to be a function of the total dislocation density 
developed within a crystals’ lattice (Valiev, Zhilyaev, & Langdon, 2014). The model offered a 
-first- good approximation relating the increase in the dislocation density in conjunction with 
the formation of finer grains. However, the proposition lacked in describing the dislocation 
population kinetics and their continuous development during intense straining procedures. A 
more adequate description was provided by Mugharbi, who classified two distinct dislocation 
densities; treating dislocations present in deformed structures into separate entities or phrases 
such as in the case of composites. Constitutive models, based on Mugharbi’s “Composite” 
model, were then later proposed detailing the evolution of the distinct dislocation cellular 
structures and their specific roles (Estrin & Vingradov, 2013). 
 
The mechanism of UFG formation in SPD metals and alloys is mainly attributed to an 
in-situ recrystallization process commonly referred to as “Continuous dynamic 
recrystallization” (cDRX). Recrystallization is commonly used to describe the substitution of 
a deformed microstructure by new grains under the application of softening thermal treatments. 
During a typical annealing treatment, demonstrated in Fig. 2.12, - conducted at temperatures 
typically half of the materials melting temperature (Tm), nucleation initiates and growth of 
dislocation-free crystallites occurs under the action of dynamic recovery. Similarly, the 
recrystallized grains form during hot working, typically above 0.5 Tm, occurs. The former 
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processes are classified as discontinuous static and dynamic recrystallization processes, 
(dSRX) and (dDRX) respectively, which occur in two discrete stages; nucleation and growth 
of crystallites. Unlike these “discontinuous processes” (dDRX), cDRX describes the formation 
of new grains in cold worked bulk structures as a one-step continuous process which involves 
the increase in sub-boundary misorientation resulting from the continuous accumulation of 
dislocations rather than nuclei formation processes that initiate recrystallization in the former 
techniques; as demonstrated in Fig. 2.13. Such accumulation results in the steady increase in 
the fraction of HAGBs under very high levels of strain approx. 12 after which saturation occurs 
(Sakai et al., 2014). Additionally, the continuous formation of ultrafine grains under the action 
of cDRX has been reported in high SFE materials, in which dynamic recovery is more 
pronounced (El Danaf et al., 2011; Bacca et al., 2015). These strain-induced continuous 
reactions are particularly beneficial to overcome the adverse effects of dynamic restoration 
processes, such as recovery, associated with the deformation of high SFE material which 
ultimately lead to the formation of rather low dislocation densities and coarse grains. 
 
Fig. 2.12 Schematic representation of the different stages of recrystallization taking place during the annealing of cold-worked 
materials (Sakai et al., 2014). 
For low and medium strain levels, 1< e <2, dislocations form and multiply in frank-
read sources within the coarse grains to initially form dislocation cellular substructures known 
as “cell blocks”. These microstructural features exhibit HAGBs often parallel to each other and 
other separate regions of low-energy configurations dislocations forming LAGBs as 
demonstrated in Fig. 1.13a (Vedani et al., 2004). Additionally, dislocations generated as a 
result of plastic deformation are not haphazardly disseminated, they- intentionally- accumulate 
at dislocation walls to form two phases of dislocation substructures known as “geometrically 
necessary boundaries” (GNBs) and “incidental dislocation boundaries” (IDBs). The 
dislocation walls separating the cell blocks are known to be GNBs. These GNBs accommodate 
the misorientation between the adjacent blocks that deform under different slip system 
configurations. They are formed to maintain the continuity and uniformity of the crystalline 
structure. Furthermore, the cell-blocks are then subdivided in to several cells separated by 
dislocation walls which form the IDBs. These incidental dislocations are suggested to have 
formed as a result of impeding the dislocation glide and dislocation pileup (Wilsdorf & Hansen, 
1991; Hajizadeh, Ghobadi Alamdari, & Eghbali, 2013). At high strain levels, the spacing 
between cell blocks or GNBs decrease while the misorientation between the cell blocks and 
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cells (INBs) increase. This is due to the rotation of cell blocks toward different orientations and 
to accommodate further strain evolving into a homogenous array of HAGBs of Ultra fine grains 
(Vedani et al., 2004; Zhu & Langdon, 2004). Therefore, it can be inferred that the driving forces 
for recrystallization is the energy stored in the network of dislocations generated during the 
deformation process. Once the energy becomes excessive, the system finds it favorable- from 
the thermodynamics point of view- to reduce its energy by reconfiguring the newly formed 
dislocation substructures into new -finer- grain boundaries (Bacca et al., 2015). 
 
 
Fig. 2.13 Schematic representation of the as-deformed microstructures of (a) plastically deformed microstructure at low strain 
(b) UFG microstructure developed by cDRX as a result of high strain deformation (c)dDRX microstructure of hot worked 
microstructure (Sekai et al., 2014). 
 
2.3.2 Principal SPD Methods 
Since the pioneering experiments led by Bridgman who introduced a method of torsion 
combined with compression to process bulk solids, progress in the field has been strongly 
related to development of these special deformation techniques. Bridgman has anticipated the 
success of such strain-induced techniques by stating the following quote in his early 
publications; 
 
“The new high-pressure method might eventually result in means of making 
useful alloys from metals which cannot be combined into alloys using the 
conventional methods of fusion at high temperature” (Estrin, Kulagin, & 
Beygelzimer, 2018). 
 
Bridgman independently used a combination of compression and torsional straining to 
investigate the processing of metals. Thus, he was essentially responsible for introducing the 
procedure that is currently known as high-pressure torsion (HPT) during mid 20th century. 
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Following Bridgman, Scientists in the Soviet Union extensively developed the principles of 
HPT (Koch, Langdon, & Lavernia, 2017). In the same location, a second important 
development occurred, when Segal and several co-researchers processed metals using the 
procedure that is now referred to as equal-channel angular pressing (ECAP), also investigated 
in (Salem & Gorth, 2000; Salem et al., 2003). Afterwards, further detailed literature provided 
the impetus for the subsequent rapid expansion of these SPD processing techniques (El-
Khodary, Salem, & Zikry, 2008; El-Garaihy, Rassoul, & Salem, 2014). Moreover, several 
alternatives of SPD are set for fabricating a wide range of materials such as multi-axis forging 
(MF) (Nasser & Krallics, 2014), accumulative roll bonding (ARB) (Gashti et al., 2016) and 
Twist Extrusion (TE) (Bahadori, Dehghani, &Mousavi, 2015). These processes were designed 
for specific applications, although similar in total effective strain, they are very different in 
deformation modes. The applied deformation ranges from pure to simple shear as well as from 
monotonic loading to cyclic and cross loading. The key common phenomenon is the 
development of dislocation structures in deformed metals with their transformation into high 
angle spatially organized new boundaries (Segal, 2002). Among the former processes ECAP, 
HPT, and TE are regarded as the most established, successful early implementations of SPD 
systems. The key features are described in sub-sections 2.3.1.1, 2.3.1.2, and 2.3.1.3, 
respectively. 
2.3.2.1 Equal Channel Angular Pressing – ECAP 
Early publications of V. Segal defined ECAP as a “deformation technique to impart 
intensive, simple shear for materials processing” (Estrin & Vingradov, 2013). A schematic 
diagram of ECAP is shown in Fig. 2.14.  In this process a simple shear strain is imposed on the 
billet as it passes through the angled passage where the two straight -vertical and horizontal- 
channels intersect.  In this process, a square/rod cross-section is pressed using a plunger 
through an equal channel die that is bent with an abrupt angle F, typically 90 deg.  Since the 
cross-sectional dimensions of the processed billet remain unchanged, this allows for successive 
iterations and pressings to accumulate strain and further enhance mechanical properties (Bansal 
& Sharma , 2015). 
 
Fig. 2.14 Diagram of ECAP die and processing via an angle (F ) between the two channels and (Y ) representing the outer 
curvature angle (Nassef, Samy, &El Garaihy, 2015). 
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However, it should be noted that, with reference to Fig. 2.14, the front and bottom ends of the 
as-pressed billet becomes highly distorted and must be cut-off, to be able to fit again in the 
inlet channel, before any additional ECAP processing could proceed as could be seen in 
Fig.2.15 (Toth & Gu, 2014). This is generally accompanied with reduction in the billets length 
which will not only limit the number of multiple ECAP passes that could be achieved but also 
becomes a source of excessive material wastage. A possible solution for material flash and 
shape distortion is the application of backpressure (BP). BP could be applied, usually in the 
range of 25MPa, at the outlet channel of the ECAP die which will not only resist deformation 
by increasing the imposed hydrostatic pressure and preserve the billet’s shape but it can, also, 
influence the flow and mechanical properties of the pressed billet as well as offer the possibility 
of powder consolidation (Xu, Xia, & Langdon, 2007; Toth & Gu, 2014). 
Fig. 2.15 Typical distortion in the as-deformed billet post ECAP processing (Djavanroodi &Ebrahimi, 2010). 
Moreover, during die design and multiple processing, it becomes highly important to 
know the effective strain induced per each pass. The equation for the equivalent plastic strain 
(2.7), e, is determined using the “von-mises yield criterion” which relates the main geometrical 
die parameters to the number of passes (N) to obtain the following expression; 
 
e = 𝑁 YL+MNO	(PQLY	Q )√)ORS	(PQLY	Q )                                                                                                                   (2.7) 
Based on relation (2.7), the equivalent strain per pass for a 90-deg. sharp angled ECAP die is 
approx.1 (Xu, Xia, & Langdon, 2007). Multiple passes are then applied to achieve an 
accumulated strain values of 4-5 required for the attainment of a homogenous UFG structure. 
The increase in the level of strain is argued to cause the activation of slip systems responsible 
for the cDRX process correlated with the production of UFG structures post SPD processing 
at RT. Theoretically, different slip systems could be introduced by rotating the billet about its 
longitudinal axis between the successive passes (Valiev et al.,2006).This has led to the 
development of different technological routes -namely A, BA, BC, and C - depicted in Fig. 2.16, 
with the aim to provide different multiple-pass processing schemes based on billet rotations. 
Each route then results in the activation of different slip planes and thus, produces different 
microstructural changes and enhacements in the mechanical properties. Ultimately, route BC 
in which the billet is rotated in the same sense by 90 deg. about the longitudinal axis between 
each pass produces optimal results (Koch, Langdon, & Lavernia, 2017). 
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Fig. 2.16 Four fundamental ECAP Processing Routes (Djavanroodi &Ebrahimi, 2010) 
Among the many SPD techniques developed, ECAP still draws much of the 
researchers’ attention. Being capable of refining dense, relatively large bulk structures suitable 
for structural applications makes it a strong potential candidate for industrial scale up and 
uptake. However, the discontinuous feeding associated with optimum route Bc, large frictional 
forces experienced during the processing of long billets, which occurs as only 30-50 % of the 
actual billet is fully deformed, are only some of the limiting reasons, which hinder further 
developments and application (Chengpeng et al., 2012). 
2.3.2.2 High Pressure Torsion – HPT 
Following the path set by Bridgman, the HPT process was developed and introduced in 
the late 1980s as a way to induce extremely large strain under extremely high hydrostatic 
pressure – in the range of 1 GPa- all in a single continuous operation. As shown in Fig. 2.17, 
processing via HPT is very different than ECAP where very high compression pressure is 
imposed on a disk placed between two anvils- upper and lower plungers- where the large 
friction force generated at the plunger-billet interface enables the deformation by torsional 
shearing (Toth & Gu, 2014). Several researchers have regarded HPT as the most efficient grain-
refinement method. However, a major drawback is the reduction of the discs thickness and loss 
of material as a result of the outward flow of material through the protrusions indicated by a 
red arrow in Fig. 2.17 (Valiev et al., 2006). Also, it is limited to processing small coined 
samples ranging from 10-15mm in diameter and 10 mm in thickness (Edalati & Hoita, 2016). 
These limitations which have hindered the applicability of such thoroughly researched 
technique beyond the scope of laboratory experiments and research. 
 
Fig. 2.17 Schematic of HPT Processing Setup. Note* protrusions are indicated by red arrow (Edalati & Horita, 2016). 
Moreover, another concern against the billets deformed via SPD in general - and 
especially HPT - is the non-uniformity of deformation and hence, anisotropy of properties 
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(Estrin & Vinogradov, 2013). The equivalent effective plastic strain for N turns could be 
calculated by the formula presented (Equation 2.8); 
 
e = +pTU(V√))                                                                                                 (2.8) 
where 𝑅	 is the local radius and t is the thickness of the disk. 
 
Due to the rotational motion, it would be expected that zero strain will be experienced at the 
center of the billet corresponding to the rotational axis, the shear strain would then linearly 
increase in the radial direction. The implications would be that the deformed billets would be 
undergo zero deformation with respect to their central regions and micro hardness 
measurements would vary significantly (Toth & Gu, 2014).  However, on the contrary, such 
speculation has been resolved as several HPT research findings have reported that a relative 
uniform distribution of grains and properties along the deformed cross-section was achieved 
after a sufficiently large number of turns (Koch, Langdon, & Lavernia, 2017). Typically, 5 
rotations are required to produce a homogenous microstructure with grain sizes typically in the 
range of 50nm (Bansal & Sharma, 2015). 
2.3.2.3 Twist Extrusion – TE 
Originally, TE was introduced in early 21st century by Y. Beygelzimer and fellow team 
of researchers for purposes of exploiting the benefits of both extrusion and torsion processes, 
and to present a potent tool suitable for integration within the bulk forming industry 
(Beygelzimer, Kulagin, & Latypov, 2015). TE is considered as a simple shear deformation 
process where a prismatic cross-sectional billet is extruded through a “twist” channel separated 
by two straight upper and lower channels, shown in Fig. 2.18. The main geometrical parameters 
of a TE die is the: twist angle, b, typically, in the range of 30o-60o and rotational angle, q, 
between the entrance and exit of the twist zone – within the range of 30o-90o (Beygelzimer et 
al., 2017).  Moreover, TE is characterized by two distinct shear zones located at the transient 
entrance and exit of the twist zone and is highlighted by thick contour lines demonstrated in 
Fig. 2.19; which are normal to the extrusion axis in contrast to the inclined shear plane in ECAP 
(Salehi, Anjabin, & Kim, 2014).  Hence, the TE deformation mechanism is composed of a 
sequence of simple shear at the intersection between the upper straight channel and twist zone 
followed by rigid body rotation in the twist zone, and counterclockwise simple shear as the 
billet exits the deformation zone. According to the proclaimed simple shear model, the 
magnitude of shear increases from the center to the periphery and corners along the transverse 
cross-section where the effective plastic strain varies from minimum to maximum values, 
respectively and are expressed mathematically as a function of b and q =90o (Chengpeng et 
al.,2012); 
 			𝜀YZ[ = 0.4 + 0.1 tan b 
                                                                                                                                                           (2.9) 					𝜀Ybc = 2√3 tan b 
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The equivalent plastic strain versus z (extrusion) direction plot represented in Fig.2.20 shows 
the abrupt increase in strain corresponding to the two shear zones present along the TE die. 
Also, in agreement with the aforementioned simple shear model, the plot depicts the radial 
increase in strain values as a function of the distance from the axis of rotation. 
 
 
 
 
 
 
 
 
 
 
Fig. 2.18 Illustration of Twist Extrusion die with twist angle b and angle rotation q (Salehi, Anjabin, & Kim, 2014). 
 
 
Fig. 2.19 Analogy between TE and HPT deformation mechanisms. * Note: thick contour lines representing the two shear zones 
located at inlet and exit of the twist zone (Salehi, Anjabin, & Kim, 2014). 
 
 
Fig. 2.1 Accumulation of von-mises strain for representative points 1, 2 &3 along transverse C.S. post TE processing (b (60o))  
(Beygelzimer et al., 2011). 
b 
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Moreover, based on strain calculations indicated by formula (2.9), the typical maximum strain 
achieved after 1-TE Pass - is approx.1.2 in corner regions which gradually decreases to reach 
values higher than zero and are commonly in the range of 0.2-0.4 in the vicinity of central 
regions as illustrated by the contour plot presented in Fig. 2.21 (Berta, Orlov, & Prangnell, 
2007). 
 
Fig. 2.21 Calculated von-mises strain contour plot post a single TE pass (b (60o))   (Beygelzimer et al., 2011). 
Furthermore, an interesting analogy is made between HPT and TE, exemplified in Fig. 
2.19, where TE is regarded as extrusion through two “sets” of HPT anvils (Beygelzimer et al., 
2017). As outlined, similar to HPT, the deformation in TE occurs along transversal planes and 
thus TE suffers from the same intrinsic issues encountered as a result of torsional shearing 
(Estrin & Vingradov, 2013). Nevertheless, several detailed FE simulations of TE revealed that 
the deformation in central regions experiences considerable deformation and effective strain 
values could reach 0.6-0.7 (Latypov et al., 2012; Beygelzimer et al.,2017). Also, similar to 
ECAP processing, another key feature to TE is the preservation of the billets geometry and 
shape allowing for repetitive extrusions and strain accumulation (Beygelzimer, Varyukhin, & 
Orlov, 2009; Bansal & Sharma, 2015). Studies have confirmed the advantageous benefits of 
the multiple pass TE process, which decreases the strain distribution heterogeneity across the 
deformed C.S. as function of strain accumulation after each pass (Iqbal & Kumar, 2013). 
 
i. Die Design 
As in the case for most of SPD-related die and process design, the most important 
criteria for design consideration is strain and especially the minimum and average (effective) 
values attained during processing. This is because grain refinement is known to occur only if 
specific strain magnitudes are achieved and thus emin becomes an integral criterion that should 
be investigated along with its relation to different die geometries (Beygelzimer et al., 2011). 
Upon this understanding, designers of the TE technique have devised several analytical 
expressions relating emin and emean to different non-dimensional die geometry variables of a 
rectangular shaped C.S. die; as seen in Fig.2.22; where hs is the pitch of the helical part. 
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Fig. 2.22 Schematic of the helical die design with a rectangular shaped cross-section (Beygelzimer et al., 2011). 
 
For a die with a rectangular cross-section, the following relations applies; 
 ∗ 	𝜀YZ[ = 3.08	. hiT jE.kl . mnhiE.op . h5j-.-l   ;                                                                         (2.10) 
 
 				∗ 𝜀Yqb[ = 3.46. hiT jE.sp . mnhiE.ll . h5jE.lk   ;                                                                    (2.11) 
 
Where   hiT = 	 +ptuS b		,		mnhi = 	 q+p	 . 
 
 
From the above formulas and calculations, it could be inferred that the optimum conditions, 
should be would be achieved for smallest ℎ", longest ld and smallest ratio of h/b (0.6-0.7); 
where on the contrary, the greatest heterogeneity occurs for the smallest length of the die or ld 
(Beygelzimer et al., 2017). 
 
ii. Die Manufacturing & Material 
In practice, TE can be conducted using conventional machines such as vertical 
hydraulic presses used to press billets through the TE die, as shown in Fig. 2.23. TE dies, could 
be either monolithic or segmented. They are commonly made of tool steels owing to their 
distinctive hardness and resistance to deformation properties (Beygelzimer et al., 2011). 
Moreover, the helical cross-section can be either produced by spark erosion or CNC milling of 
a monolithic or a segmented die. It is important to note that split designs are fabricated and 
used as they are easier to machine and assemble (Iqbal & Kumar, 2013). Also, Carbide inserts 
are usually utilized in order to provide the different angles associated with TE. 
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Fig. 2.23 Typical TE (a)test rig (b)Monolithic Die (c) Segmented Die (Beygelzimer et al., 2017). 
 
iii. Process Design 
Process parameters other than those associated with the die geometry play a critical role 
in determining the intensity of deformation and resultant property enhancement. Firstly, 
multiple pass extrusions represent an integral part of the TE process where there are two types 
of TE dies$ and four possible interchangeable routes: route I is composed of two clockwise 
(CD) or counter Clockwise (CCD) dies and similarly, route II is composed of a CD and a CCD 
die or CCD followed by a CD die. Different variants could be used which provides an 
opportunity to vary the loading routes and possibly produce different microstructures and 
properties. Fig. 1.24 indicates that changing the shear sign would result into a deformation with 
an absolute value of 2A versus that produced by route I which is only half the magnitude which 
leads to lower strain amplitudes but more uniform distribution (Beygelzimer, Varyukhin, & 
Orlov, 2009). 
 
Fig.2.24 Strain Amplitude along the transverse plane during TE Route I and Route II (Beygelzimer, Varyukhin, & Orlov, 
2009). 
Furthermore, the structural integrity and conservation of geometry size and shape are 
decisive features of processed billets. In TE, friction and backpressure play a pivotal role in the 
resultant quality of the deformed billets. Distortions and geometrical defects such as the 
a) b) c) 
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deformed billet shown in Fig. 2.25 are suggested to be the result of an interchange between 
various factors namely an insufficiency in the applied back pressure, increased friction, and 
high stain-hardening rate of the material. The aforementioned factors may have an adverse 
impact on the material flow and deviations from the simple shear model which assumes that 
the only rigid-body motion is experienced. Several FE simulations have revealed that poor 
lubrication and low backpressure would result in distortions in both transverse and longitudinal 
planes, perpendicular and parallel to the extrusion direction, respectively. These distortions 
would eventually result in corner gaps between the billet and die and anisotropy of plastic strain 
along the billets volume (Beygelzimer et al., 2017).  It is recommended that in practice all these 
deficiencies would be avoided by first applying a suitable lubricant to both the die and billet as 
well as apply BP equal to at least half of the materials yield strength which would raise the 
hydrostatic pressure by an adequate amount that ensures complete die filling and protection of 
the structural integrity (Beygelzimer, Orlov, & Varyukhin, 2002).  However, careful attention 
must be taken when applying the backpressure so as not to cause overloads in the pressing 
machine (Beygelzimer et al., 2017) 
 
Fig. 2.25 Distortion in as-pressed billet post TE processing (Mousavi, Shahab, & Mastoori, 2008). 
 
iv. Process Features 
TE has the capability to extrude different intricate cross-sections that would be rather 
difficult to deform using an ECAP setup. Ranging from square and hexagonal shapes to circular 
and hollow parts extruded with the aid of a mandrel, specific and customized dies could be 
fabricated for each case. Another distinctive feature to the deformation by TE is the cross and 
vortex flow associated, seen in Fig. 2.26. Also, cross flow is acclaimed to be the prime reason 
for improving the homogeneity in strain and micro hardness after multiple passes 
(Beygelzimer, Orlov, & Varyukhin, 2002; Beygelzimer, 2017). It is also argued that it would 
result in good mixing of material; which would be an essential characteristic for the 
consolidation of powders. 
CHAPTER 2  SEVERE PLASTIC DEFORMATION 
 - 28 - 
 
 
 
Fig. 2.26 Cross and vortex flow before and after 6-passes of TE (Beygelzimer et al., 2011). 
 
v. Advantages and Applications 
TE possess various promising properties and processing advantages that are highly 
favorable for commercial use. As shown in the schematic representation in Fig. 2.27, distortion 
in TE deformed billets are much less severe than that in ECAP which doesn’t only render 
benefits that enables a smoother multi-pass process with minimum interruptions, but also 
improves the efficiency of the process by saving material and cost. 
 
Fig. 2.27 Material Waste reduction post TE processing Versus ECAP. 
Another very important feature is the ability to conduct the extrusion process using standard 
machinery and presses which could be easily integrated within already existing industrial lines 
(Varyukhin et al, 2006). In addition to the aforementioned capabilities, extruding various 
profiles and cross-sections as well as large billets, opens an opportunity for producing a flexible 
and multi-functional process (Latypov et al., 2015). Also, due to the supplementary vortex 
fluxes and material flow, TE provides a pathway for strain proliferation and improved 
consolidation processes. Accordingly, a promising application of TE is the compaction of 
metallic powders as well as the recycling of non-ferrous alloy scrap. The mixing flow which 
occurs during TE enables the effective production of dense, consolidated solids (Beygelzimer 
et al.,2017). 
 
To that end, the large capacity for upscaling and industrial uptake of the TE technology 
has been highlighted and while most of the material processing via SPD techniques is still in 
the laboratory scale research, TE has proved to be a highly promising technique for the 
ECAP 
TE 
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production of UFG material of various cross-sections; sizes and shape. The main hurdle in the 
way for further development and integration within the industrial sector is finding tangible and 
exclusive applications that could benefit from the TE’s specific microstructures and properties. 
However, the situation is changing everyday where recent studies have produced various 
functional parts associated with especially the medical implants field. A summary of the 
various applications produced from TE-deformed billets is provided in the literature review 
section. 
 
2.4 ALUMINUM ALLOYS 
Aluminum was encountered by human kind long before it was classified and produced 
in the form known today. The first encounter was reported by a roman scientist who told the 
story of a first century craftsman who presented the roman emperor, at the time, a cup made of 
a sliver colored material which could be easily mistaken for silver but was just too light to be 
considered made of silver metal. Driven by the interest to realize what were the constituents of 
this new metal, several studies and experimental research were conducted since the 16th century 
but were reported unsuccessful due to the difficulty to separate the metal from its ores (Ashby, 
1999). Due to aluminum’s high affinity to oxygen, it’s never found in its metallic condition; 
on the contrary, it is found mainly as alumina (Al2O3) -also commonly referred to as aluminum 
oxide or any other oxide compound form. The light weight metal remained an enigma for 
millennia until its first successful industrial production occurred in Paris academy of science 
in 1854 (Ashby, 1999). This discovery has marked the beginning of what is regarded as one of 
the most important structural material for multi-functional applications. 
 
Aluminum is the most abundant metallic element in earth’s crust constituting 8 % 
which is second to iron in production and consumption (Farag, 2010). Aluminum is most 
commonly associated with light weight and a combination of properties which make it an 
extremely versatile, economical and useful metallic material for a broad range of applications 
(Smith, 1999).  Pure aluminum has a low density of 2.7 g/cm3 – approx. one -third that of steel 
(7.83 g/cm3)- and their selection for a particular application is mainly dependent on the 
combination of high strength with low weight which provide a high specific strength ratio that 
allows for the design and construction of strong light weight structures, making it particularly 
useful in the transportation and aircraft industry. Moreover, aluminum is widely known for its 
persistent strong oxide film that forms on its surface as a protective layer against corrosion, 
making it suitable for use in various atmospheric environments including those with chemicals 
and salts. Another highly appreciated property- especially in the food industry- is its non-
toxicity, which promotes its extensive use in making various products to protect, handle and 
preserve food. Also, its good electrical conductivity makes it very beneficial in the electrical 
industry where light weight is important (Farag, 2010). Additionally, another credit to Al’s 
favorable characteristics is its ease of fabrication. There are no limits to the forms by which Al 
structures could be produced. The metal could either be cast, rolled into any desired thickness 
which could be as thin as an Al foil, or extruded to different shapes and profiles. Such feature 
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enables Al to compete with even less expensive metals but with lower workability and 
formability properties (Davis, 2001). 
 
On the other hand, pure aluminum suffers from having a relatively low strength -
approx. 70 MPa- compared to other metals used in structural applications. In practice, various 
alloying elements are introduced to achieve higher strength reaching to 690 MPa (Davis, 2001). 
Conventionally, Al is extracted from bauxite through an electrolytic process in which the metal 
is formed and is mostly consistent of 99.5-99.9 %. Al and Iron (Fe) and Silicon (Si) being the 
major impurities that reside (Smith, 1996). Afterwards, the process is followed by melting and 
mixing different alloying elements to produce ingots of different properties depending on their 
chemical composition. Al Alloys are divided into two major categories: wrought and cast 
alloys, both of which are further subdivided into heat-treatable and non-heat-treatable. The 
classification indicates the primary mechanism by which the alloy has been fabricated. The 
former is generally associated with the application of thermomechanical techniques during the 
production process that traditionally includes a combination of work hardening and annealing 
procedures to form rods, wires, sheets, etc. (Davis, 2001). The latter normally contains larger 
concentrations of alloying elements such as Si which improves the fluidity and feeding ability 
of the molten metal into the mold as well as contributing immensely to its strength (Smith, 
1996). Wrought Al alloys are extensively made use of in comparison to the cast counterparts 
as they are mostly used in their as-cast form which would generally suffer from internal defects 
common to cast structures such as porosity and shrinkage and are unsuited for load bearing 
applications (Dowling, 2012). 
2.4.1 Classification of Wrought Al Alloys 
Al Alloys are generally classified in accordance to their major alloying elements as 
outlined in Table 2.2. All Wrought alloys are identified by a four-digit number designation, 
where the first number indicates the specific series to which the alloy belongs or the major 
alloying element; i.e. 1xxx is given for commercially pure Al alloys whereas 2xxx series 
indicates Al-Cu alloys and so on. The second digit indicates any modifications to the original 
alloy composition while the last two digits indicate the Al composition in the alloy, i.e. AA 
1050 indicates that it belongs to the 1000 series with an Al composition of 99.5 % (Dowling, 
2012). 
 
Table 2.2 Wrought Al alloys classification and corresponding strengthening mechanism 
 
Major Alloy Element Designation/Series Strengthening Mechanism 
Al, 99% min; Fe + Si 1xxx series Non Heat-Treatable / Work Hardenable 
Cu 2xxx series Heat-Treatable / Precipitation Hardenable 
Mn 3xxx series Non Heat-Treatable / Work Hardenable 
Si 4xxx series Mostly Non Heat-Treatable 
Mg 5xxx series Non Heat-Treatable / Work Hardenable 
Mg + Si 6xxx series Heat-Treatable / Precipitation Hardenable 
Zn 7xxx series Heat-Treatable / Precipitation Hardenable 
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The prevalent reason for alloying or solid solution strengthening is to improve strength 
and hardness by a certain degree that is related to the different specific alloying elements 
employed and the resultant phase diagram. Different thermomechanical processes are 
formulated, based on knowledge of solid-solution solubility attained from respective phase 
diagrams. The designed thermal treatments are then employed to attain desired microstructures 
and mechanical properties required for different applications. Designations for the different 
treatments- cold work and /or heat treatments- applied to Al alloys are summarized in Table 
2.3.  As demonstrated the main heat-treatable alloys are those belonging to the 2xxx, 6xxx and 
7xxx series in which appreciable precipitation hardening occurs. Intrinsically, for alloys to be 
considered precipitation hardenable, it must exhibit a terminal solid solution which sharply 
decrease in solid solubility with temperature decrease, i.e.  the Al-Cu phase diagram presented 
in Fig. 2.28 exemplifies a typical precipitation hardening which takes place as a result of the 
sharp decrease in solubility of the terminal a phase as a function of decreasing the temperature 
from 550o to 75o. As a result, fine Cu precipitates are formed to create the q (CuAl2) phase 
which essentially impedes dislocation motion and increases the alloys yield strength. Similarly, 
Mg2Si intermetallic compound is formed in 6xxx series alloys and MgZn2 in 7xxx series alloys. 
 
 
Fig. 2.28  Al-Cu Phase diagram illustrating the age hardening heat treatment stages with their respective microstructures 
(Askeland, 1996). 
In contrast, 1xxx, 3xxx, mostly 4xxx and 5xxx series alloys don’t form coherent 
precipitate particles and phases which are an integral condition needed for the alloy to benefit 
from precipitation hardening. Thus, the only strengthening mechanism applicable is strain 
hardening. The strength is initially produced by the deliberate additions of different alloying 
elements and then further increase in strength is attained by implementing various strain 
hardening techniques such as rolling, drawing or stretching to achieve the area reduction 
needed to produce an equivalent increase in strength. Consequently, each alloy designation 
number is given a letter extension which reflects the “temper” or material fabrication 
conditions, i.e. 6061-T6 & 5052-H112. However, it is important to note that most castings do 
not undergo cold working (Dowling, 2012). 
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Table 2.3 Alloy processing Designations (Dowling, 2012). 
 
2.4.2 Strain Hardening of Aluminum Alloys 
Al has an FCC crystal structure with a high atomic packing factor (APF) equal to 0.75. 
Al has 12 active slip systems with 3 planes belonging to the closed packed {111} family and 
their corresponding closed packed 4 directions in the <110> family (seen in Fig. 2.29); all of 
which represent favorable paths for slip and plastic deformation (Barlat, 2002). 
 
Fig. 2.29 Schematic representation of (a) FCC Crystal Structure (b) associated slip system (Bouhattate, 2006) 
Since Al has a high SFE, the deformation mainly occurs by slip. As discussed in section 2.3, 
straining increases the r^ from 1010/m2 in annealed condition to 1015/m2 in severely deformed 
Al (Bahadori, Dehghani, & Mousavi, 2015). Fig. 2.30 represents the effect of cold work on the 
r^  in 99.9 %. Al where it shows to have increased as a function of increasing the percentage 
of rolling accompanied with a further reduction in grains size. The lattice distortions and the 
dislocation-dislocation stress field interactions are the main reason for strain hardening attained 
by cold work. 
 
 
 
Designation Processing Description Heat Treatment 
-F As fabricated - 
-O Annealed - 
-HIX Cold Worked - 
-H2X Cold Worked Partially annealed 
-H3X Cold Worked Stabilized 
-TX - Solution heat treated + aged 
-T3 Cold Worked Naturally aged 
-T4 - Naturally aged 
-T6 - Artificially aged 
-T8 Cold Worked Artificially aged 
a) b) 
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Fig. 2.30 TEM micrographs presenting the dislocation structure of pure Al (a) Annealed (b) 2 % cold rolled (c) 7% cold rolled 
(d) 30% reduction (Hatch, 1984, P.108). 
Strain hardening is widely used to produce various strain-hardened non-heat treatable 
alloys. The first in the group is the pure Al (1xxx series) which are characterized by their 
excellent corrosion resistance and workability as well as high thermal and electrical 
conductivity but low mechanical properties (Dowling, 2012). As shown in Fig. 2.31, moderate 
increase in strength could be achieved by severe cold working where the Yield strength (Y.S.) 
is increased from approx. 100 MPa to 180 MPa after 90% reduction by cold rolling. The second 
group is the 3xxx series Al alloys which mainly consists of Mn as a major alloying element 
which results in a 20 % increase in strength when compared with their 1xxx series equivalents. 
The 3xxx Al alloys are mostly useful in applications which require moderate strength and good 
workability (Davis, 2001).  
 
Finally, the 5xxx series constitute the highest strength Al alloys in the non heat-treatable 
category. Alloys in this series are known for their good weldability and resistance to corrosion 
in harsh conditions such as those present in marine environments (Davis, 2001).  Furthermore, 
it can be estimated from Fig. 2.31 which presents the impact of cold work on the tensile 
properties of - representative non-heat treatable alloys in the 1xxx, 3xxx, & 5xxx series- Al 
alloys that an appreciable increase in tensile properties could be attained as a function of 
increasing deformation, i.e. an appreciable 130 % and 50 % increase in Y.S. and Ultimate 
tensile strength (U.T.S.) was achieved, respectively after 90% cold rolling reduction in 
AA5052. However, it should be highlighted that such significant increase was coupled with a 
significant 95 % decrease in ductility, which limits the amount of cold work that could be 
performed. An interesting resolution to such major constraint would be the application of SPD 
processes instead of traditional forming techniques as several studies have reported synergy of 
strength and ductility in SPD deformed billets (Zhu & Langdon, 2004). 
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Fig. 2.31 Work-hardening curves for AA 1100, 3003, 5050, and 5052 (Hatch,1984, P.109). 
 
LITERATURE REVIEW 
2.5 BACKGROUND: TWIST EXTRUSION 
In this chapter focus will be made on the research carried out on twist extrusion as one 
of the SPD processes based on which the innovative Multichannel Spiral Twist Extrusion 
(MCSTE) process evaluated in the current research stemmed. Twist Extrusion (TE) has been 
introduced in 1999 by Prof. Beygelzimer as a principle SPD processing scheme combining the 
advantages of both shear and torsional deformation; he introduced the first extrusion process 
involving a vortex flux. Inspired by the effectiveness of ECAP and HPT in producing UFG 
material, Beygelzimer presented TE as an alternative tool which aims at producing UFG bulk 
structures that are characterized by long-dimensions, intricate profiles, and are not possible to 
deform via the aforementioned techniques (Stolyarov et al., 2005). 
2.5.1 Early Studies on TE 
Ever since the first publication on TE was made in 2002, the last two decades have been 
characterized by a surge of several empirical studies conducted to investigate the deformation 
characteristics of TE and its impact on the structural and mechanical properties of Cu, Al, & 
Ti alloys. 
 
The earliest publications made on TE -during the first decade-were mainly dedicated to 
introducing the concept behind the new technique and developing various theoretical and 
mathematical models describing the mechanics of TE processing. The earliest publication on 
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TE was presented by Beygelzimer and his coworkers, in the TMS annual meeting in 2002. The 
article was highly perceived and marked the primary foundation upon which the development 
of TE as an effective SPD technique was established. The authors explained, briefly, the main 
design aspects of the twist deformation channel and its features. The researchers then 
complemented their theoretical introduction with a preliminary experimental study using clay. 
The empirical findings helped in developing an initial understanding of the material flow 
within the new die. Moreover, the authors explained that there are two possible scenarios, 
which could be encountered during the TE processing: full filling and under-filling of the die. 
Evidently, the first scenario was considered the favorable one since it ensures the continuity 
and homogeneity of the deformation across the deformed billet, which would be only achieved 
if sufficient backpressure is applied (Beygelzimer, Orlov, & Varyukhin, 2002). Furthermore, 
another essential aspect of TE deformation was outlined, where the authors derived the 
equation for the effective strain to estimate the value of deformation imposed as a function of 
the twist angle and the distance from the point to the axis of the helical part of the die.  Finally, 
attention was drawn towards the possibility of the occurrence of vortex flow, which was 
expected to open new opportunities to produce structures different from those attained by the 
other SPD techniques ( Beygelzimer, Kulagin, & Davydenko, 2016). 
 
In the same year, another rather comprehensive study was conducted on TE (b=60o) to 
investigate the influence of TE processing on a materials structure and properties (Beygelzimer 
et al., 2002). The article presented a detailed practical description of the TE die and the 
deformation process. Experimental runs were performed on a rectangular cross-section of 
commercial pure Ti deformed TE at RT and 700MPa BP. The grain size was refined by 60% 
after the first pass (e=1.2). However, the study was the first to report the anisotropy in 
microstructure and mechanical properties associated with TE processing. Furthermore, the 
authors indicated that TE was applicable on any arbitrary prismatic cross-section which could 
be extruded several times to accumulate the intensity of deformation. 
 
In the following years, the same research team – who originally invented TE- have 
focused on improving the heterogeneity of the structural and mechanical properties of TE 
extrudates. The authors proposed the idea of applying post treatment processes as means of 
improving anisotropy. All studies were performed on pure Ti for purposes of comparison with 
previous work.  In 2004, Orlov et al. deformed CP Ti using cold TE followed by cold rolling 
(CR) and annealing. The study revealed that simple shear is the main deformation mode by 
which a cross section is deformed in the inlet and outlet zones of the TE die. It is important to 
note that the average grain size in the range of 1µm was achieved after TE processing, which 
was further reduced to 50nm after CR. The process resulted in a severely deformed structure 
with significant grain refinement that led to remarkable increase in strength and homogeneity 
in properties distribution as a result of CR and enhancements  in plasticity and the ductility as 
a result of the annealing process (Orlov et al., 2004). Another supporting study was carried out 
by Stolyarov et al. (2005). The study confirmed that the combination of deformation by TE 
followed by rolling is an efficient method for elimination of anisotropy of structural and 
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mechanical properties (Stolyarov et al., 2005).  However, rolling led to reductions in the 
workpiece dimensions which opposes the principal advantage of SPD processing. 
 
Consequently, later studies focused on investigating the impact of multiple passes on 
the homogeneity in properties of other metals and alloys, i.e. Cu. The application of multiple 
passes of TE was investigated on Cu alloys (Beygelzimer et al., 2006). The analysis explained 
that the saturation of properties occurred after 2-passes (e=2.4) of TE (b=60o) and that the 
application of subsequent passes only improved the homogeneity of properties. After 4-passes 
(e=4.8), anisotropy was eliminated along the Cu billets’ cross-section. Moreover, a comparison 
between simple shear SPD techniques, such ECAP, and TE was made, where the authors 
concluded that the homogeneity of mechanical properties was much higher in ECAP deformed 
billets that that of TE extrudates. On the other hand, enhancement in strength post TE 
processing was reported higher than ECAE route C. Therefore, a suggestion of implementing 
an alternate process of ECAP and TE would result in better homogeneity and strength 
properties without the detrimental reductions caused by subsequent deformation via 
conventional bulk forming processes (Beygelzimer et al., 2006). 
 
Additionally, after several studies were conducted to establish the effectiveness of TE 
as a SPD process, Varyukhin et al. (2006), were the first to propose the use of TE in 
consolidation applications. Full consolidation of high purity Cu powder was achieved after 3- 
passes of TE (e=3.6). The deformed billets revealed improved hardness in addition to achieving 
full consolidation. Furthermore, as a continuation to the investigation on the kinematics of 
metal flow during TE, different deformation paths or routes were proposed to open new 
forming opportunities via TE (Beygelzimer et al., 2008). In the study, two types of twist dies 
were identified: Clockwise (CD) and counterclockwise (CCD). The authors indicated that by 
that the proposed dies offer the possibility to reverse the sign of shear as well as increase its 
magnitude. Accordingly, two main routes were characterized: Route I, which is comprised of 
two consecutive CDs or CCDs and Route II, comprised of alternate deformation using CD 
followed by CCDs or vice versa. The former route provides cyclic deformation with amplitude 
A, while the latter gives an amplitude of 2A. However, the study didn’t provide any 
experimental evidence regarding the influence of different routes on the properties of TE 
extrudates. 
 
After almost a decade of research, TE has been established as an effective SPD 
technique with various deformation and technological advantages compared to other SPD 
counterparts. First, a strong analogy between TE and HPT has been outlined, where TE is 
considered the 3D, industrially favorable alternative of HPT (Varyukhin et al., 2006). The 
associated vortex -like flow with large strain gradient, stretching and mixing of metal particles 
suggests the possibility of new deformation opportunities and applications, i.e. homogenization 
of composite materials (Beygelzimer et al., 2008). Also, several studies have provided strong 
evidence that intensification of the deformation gradient would not only enhance strength of 
the deformed material but, also, retain good ductility (Orlov et al., 2004). Besides, unlike 
ECAP, the presence of two perpendicular shear zones instead of one, typically, 45 degrees zone 
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allows for the intensification of strain and production of new structures and texture. 
Furthermore, different industrially favorable aspects have been highlighted, i.e. less material 
waste is produced compared to ECAP as a result of less flashing and distortion at the end and 
bottom sections of the extrudates. This is especially important in the case of multiple passes 
(Beygelzimer et al, 2006). Moreover, the ability to deform different profiles has been 
highlighted in several studies. Also, the ability to install TE dies on any standard extrusion 
machine enables the smooth integration within existing industrial lines. To that end, the 
identified list of benefits provided a strong motivation for researchers to further continue their 
assessment of the impact of TE and varying the processing parameters - on the evolution of 
microstructural and mechanical properties of various metals and alloys. 
 
The second decade was mainly characterized by a burgeoning direction in the research 
on TE. Based on the outcomes of previous studies, the taxonomy of research was identified 
into two types: the first was to study the impact of TE on the microstructural evolution and the 
second was to identify the influence on the mechanical properties. Most of the literature on TE 
was carried out on pure aluminum and aluminum alloys for purposes of comparison with ECAP 
and HPT where the results on Al alloys is well documented (Orlov et al., 2008). 
 
2.5.2 TE studies on Pure Aluminum: Microstructural and Mechanical 
Properties Evolution 
 
Pure aluminum, with very high stacking fault energy (SFE), is expected to show 
extensive dynamic recovery and thus present a challenge to strain harden (Orlov et al., 2012). 
Over the past decade, various studies employing Twist Extrusion (TE) have reported notable 
results verifying its capability to enhance properties of such challenging material as well as 
highlighting their incidental limitations. During the second decade, several comprehensive 
studies shed the light on the underlying physical behavior of aluminum deformed by TE. To 
reach sufficient conclusions, it is intrinsic that most studies analyzed the evolution of 
microstructure, hardness and/or tensile properties of the deformed structures with respect to 
the imposed strain during TE processing and compare it with the initial state. 
 
In 2008, Orlov et al. conducted an experimental research on the deformation of high 
purity Al at room temperature (RT) via a CCD TE die. Four passes equivalent to a total of 4.8 
average strain were conducted under a backpressure of 200MPa was applied. The authors have 
indicated that 4-passes were typically chosen in accordance with the literature on ECAP and 
HPT, which reported that the effective plastic strain required to produce an UFG material was 
typically in the range of 4-5 (Orlov et al., 2008). Furthermore, the microstructural observations 
were conducted using transmission electron microscopy (TEM) followed by a quantification 
of grain sizes done using electron backscatter diffraction (EBSD) analysis. Finally, 
microhardness was measured along the longitudinal and transverse cross-sections, parallel and 
perpendicular to the extrusion direction, respectively. Microstructural observations revealed 
the decrease in grain size in the range of 1-1.6 µm after 1 pass coupled with a high density of 
dislocations and a high fraction of LAGBs. On the other hand, subsequent passes led to the 
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accumulation of strain and as a result, an increase in the fraction of HAGBs while the grain 
size remains mostly in the same range and the dislocation density decreases. Based on the 
previous findings, the authors identified two stages of deformation taking place during TE 
processing, the first is associated with low strain levels , where an increase of strength and 
hardness occurs as a result of the buildup of dislocations as a result of straining. The second 
process is associated with imposing higher strains, where a reduction of dislocations occurs as 
a result of the increase in the misorientation angle of grain boundaries. The formed HAGBs 
are claimed to be acting as dislocation absorbers, which led to the reduction of dislocations 
and hence, the decrease in hardness (Orlov et al., 2008). The study was further analyzed in 
2009, where the authors made another claim to explain the observed decrease in dislocations 
and mainly attributed it to the advent of dynamic recovery in pure aluminum (Orlov et al., 
2009). Furthermore, the study clarified an additional technological benefit to TE versus ECAP 
processing, where the grain size attained post 4-passes of TE (e=4.8), was similar to that of 
ECAP route C (e=4.5),  which involves the 180o rotation of the billet between passes. Also, 
even though the grain size attained via ECAP route Bc is slightly lower, it still involves the 90o 
rotation between the alternate passes and thus, is considered unfavorable in industrial 
applications. In the same year, another complementary study was introduced as a continuation 
to the aforementioned series of experiments conducted on pure Al (Orlov, beygelzimer, et al., 
2009). Orlov and his coworkers examined the flow pattern and evolution in the macrostructure 
and corresponding mechanical properties with and without the application of backpressure. 
The authors reported that without BP, the shape of the deformed billet was highly distorted, 
which was accompanied with significant heterogeneity in the microstructural and mechanical 
properties. On the contrary, in the case of TE with 200 MPa BP, the billets dimensions were 
preserved and less anisotropy was reported. Furthermore, the macrostructure revealed a fine 
fibrous structure with a clear vortex-flow pattern. The microstructure was typically 
heterogeneous in the peripheral areas having a finer structure and central regions typically 
exhibiting coarser grains. Similar findings were reported in (Beygelzimer, Reshetov, et al, 
2009). Such structure provides strong evidence for the extent of severe plastic strain 
experienced at the peripheral areas in contact with the die walls in contrast to farther areas. 
 
Moreover, the significant enhancement in the mechanical properties was reported in the 
various studies conducted on pure Al. Orlov, Beygelzimer, et al., stated that the alloys strength 
underwent a steep rise during the 1st pass of TE and near saturation on further straining, where 
a remarkable increase in of the average YS values from 40 MPa at the initial state to 175 MPa 
was recorded (2009). Similarly, the average UTS was doubled as a result of the 1st TE pass 
(e=1.2), with a consequent 30% decrease in the elongation to failure. Further processing to 4-
passes (e=4.8), resulted in a relatively small incremental increase in the YS and UTS while the 
ductility was maintained. The authors explained that the saturation in properties was due to the 
stabilization of structure and properties after specific strain values are imposed (Beygelzimer 
et al., 2009). Thus, despite the inhomogeneity of the deformation process, the structure and 
properties of materials tend to homogenize with multiple TE processing passes. A possible 
mechanism explaining such phenomenon has been proposed in (Beygelzimer et al., 2009), 
where the authors elucidate that as the number of passes increase, the zones where the strain 
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exceeds the saturation threshold gradually fills the entire cross section and improve the 
anisotropy of properties 
Additionally, in 2011, another team of researchers from the University of Tehran- 
investigated the strain distribution in TE extrudates of pure aluminum. The authors 
characterized the mode of deformation along the peripheries as severe simple shear induced as 
a result of the friction between the die interior surfaces and billets exterior surface (Mousavi & 
Bahadori, 2011). Further explanation provided that the decrease in heterogeneity was a result 
of the balance in the stresses at the peripheral and central zones of the deformed billet; where 
the application of multiple passes leads to intensive internal stresses at the peripheries which 
opposes the newly imposed external stresses, while at the central regions, the opposite occurs 
and a buildup of stresses arise. Hence, after multiple passes, the distribution of the stress 
becomes more homogenous across the deformed billet (Mousavi & Bahadori, 2011). 
Furthermore, it should be noted that the % increase in mechanical properties reported in this 
study was slightly lower than the above mentioned results, where the YS increased from an 
average of 32.246 in the initial condition to 82.7 MPa after 1-pass, which gradually increased 
to 140 MPa upon the 2nd pass and finally reached slightly increased to 160 MPa after the 3rd 
pass which was the same value recorded after only 1 pass of TE in (Beygelzimer et al., 2009). 
Also, moderate reduction in ductility was experienced which was only reduced by 20 % post 
the 3rd pass (Mousavi & Bahadori, 2011). Furthermore, a similar behavior was reported by 
Eivani et al. on the evolution of the mechanical properties of AA1050 deformed via TE (2017). 
Comparably, a monotonous strengthening behavior was described, where the YS increased 
from 26.6 MPa in the initial state to 103.7 MPa after 4-passes accompanied with a significant 
23 % reduction in ductility. Moreover, fatigue fracture surfaces were analyzed post 
deformation and were compared to the un-deformed specimen, where the fracture mechanism 
in all the specimens was characterized as ductile fracture manifested by the formation of 
dimples as a result of microvoid formation at inclusion sites (Eivani et al., 2017). 
 
From the review presented, it is inferred that TE is an effective SPD tool for achieving 
grain refinement and strength enhancement with reasonable homogeneity in pure aluminum 
and 1xxx series Al alloys. However, on the contrary, an article published in 2017 by Kalahroudi 
et al., indicated the phenomenon of inhomogeneity in the grain structure and distribution of 
hardness even after 8-passes of TE were performed. In fact, the strain inhomogeneity increased 
with increasing number of passes, where the 8th pass extrudate revealed the greatest anisotropy 
of microstructural and mechanical properties. On the other hand, despite the ascribed 
heterogeneity, the hardness generally increased by increasing the deformation process, where 
significant increase in hardness was achieved after performing 8-passes. The increase in 
hardness was supported by the microstructural observations, where the micrographs of the 8th 
pass extrudates indicated the presence of high fractions of HAGBs, which the authors assume 
to have had a major role in the refinement and strengthening achieved (Kalahroudi et al., 2016). 
It is believed that the mechanism of continuous dynamic recrystallization dominates at high 
strains and leads to the formation of fine grain structure with HAGBs and inhibits dynamic 
recovery. 
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2.5.3 TE studies on Aluminum Alloys: Microstructural and Mechanical 
Properties Evolution 
 
It has been established that the grain refinement mechanism during SPD is mainly 
controlled by the generation of dislocations and their rearrangement into LAGBs at low strains 
and HAGBs at higher strain. Additionally, the interaction between the generated dislocations 
and solute elements present in metal alloys is known to have an additional impact on the strain 
hardening process. This is particularly known for aluminum alloyed with Mg, even at low 
concentrations (Dierke et al., 2007). For this reason, most of the literature evaluating the 
influence of TE processing on aluminum alloys was performed on 6xxx series Al alloys (Al-
Mg-Si alloy). The earliest publication discussed the impact on the microstructural evolution of 
Al-0.13% Mg alloy (Berta, Orlov, & Prangnell, 2007). The research team performed eight 
extrusion passes through a typical TE counter clockwise die of b= 60o, a=90o, and BP= 
200MPa. In the study, the transverse cross-sections were examined by EBSD to quantify and 
evaluate the deformation structures produced after processing of higher strength Al alloys. The 
results revealed that at low strains, typically after a single pass of TE, the grain size distribution 
was consistent with the observations made for the extrudates of pure aluminum.  Minimum 
strain in the range of 0.4 was reported at the center of the investigated billet, which 
progressively increased towards the billets periphery to a maximum of 1.2 at the corners of the 
transverse cross-sections. Moreover, micrographs of billets extruded repeatedly at high levels 
of strain (~9.6) exhibited large heterogeneities in spite of the expectations that the transfer of 
shear from edge to center locations would result in an isotropic structure (Berta, Orlov, & 
Prangnell, 2007). Similar to these findings, Kalahroudi et al. reported that after 8-passes 
(e=9.6), the central locations remained substantially less refined than the peripheral regions 
and was mainly comprised of LAGBs (2016). Conversely, a number of studies conducted on 
AA-6xxx series indicated that the microstructure became more homogenous as a function of 
increasing the number of passes (Zendehdel & Hassani, 2012; Kumar & Iqbal, 2013). 
Experimental results revealed that materials with lower SFE exhibit low recovery rates and 
thus the final grain size becomes smaller and a homogenous microstructure is achieved if 
intense straining is conducted. In a study conducted by Zendehdel & Hassani, 16-TE Passes 
(e=19.2), were performed using AA-6063 to evaluate the impact of TE processing on solid-
solution strengthened alloys (2012). The average grain size of the annealed samples was 11µm 
which was further reduced to 160 and 130nm at the center and peripheries, respectively. Such 
remarkable reduction in the grain size was mainly attributed to the presence of precipitates, 
which could have contributed to the microstructure refinement and overall strengthening of the 
alloy. The precipitates impede dislocation glide and retard their movement which lowers the 
rate of dynamic recovery. Moreover, the authors reported that the mechanical properties, i.e. 
YS, UTS, and microhardness, experienced the highest incremental increase during the initial 
TE passes after which, at higher number of passes, the application of more strain had no 
noticeable effect on the properties. Similarly, the elongation to failure remained almost 
unchanged after 8-passes, where only 10% reduction in ductility occurred, compared to initial 
conditions. Also, it is important to note that up to 8-passes the hardness increased, after which, 
a reduction in Hv values occurred. This occurrence could be the result of mutual annihilation 
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of dislocations, which might have occurred at higher strains and resulted into fine grains that 
cannot accommodate further pileup of dislocations (Zhu &Liao, 2004). 
 
Furthermore, Kumar and Iqbal have published two papers in the year 2013 evaluating 
the impact of multiple processing of TE on AA6061 and AA6082. Twist extrusion of AA6061 
was carried out at elevated temperatures and three consecutive passes (e=3.6). Due to the hot 
processing, the average grain size after 3-passes was reduced by 45% compared to the 90% 
reduction attained after the deformation of AA6063 at RT (Iqbal &Kumar, 2013). Moreover, 
the tensile properties and hardness values of AA6082 were improved after 3-passes at 350oC, 
where the average UTS increased from 260 to 304MPa and average Hv values increased from 
75 to 105 (Kumar & Iqbal, 2013). 
 
Additionally, a comprehensive experimental comparison between TE and ECAP 
processing and their impact on the mechanical properties of AA7075 aluminum alloy is 
presented in (Iqbal and Kumar, 2013). Multiple passes were performed at elevated 
temperatures, where the authors observed that grain refinement reached a saturation limit after 
the 3rd pass and that TE processing led to more pronounced refinement compared to ECAP. 
The difference in microstructures is attributed to the presence of two shear planes in TE unlike 
the single 45o degree plane in ECAP which results in excessive refinement. Also, it is believed 
that the sequential folds and stretching created during TE straining results in mixing of the 
material and results in a more homogenous microstructure (Bahadori, Dehghani, & Mousavi, 
2015). On the other hand, another comparison was made between HPT and TE processing of 
aluminum. It was concluded that the smallest grain size was attained via HPT , while the most 
homogenous microstructure was produced as a result of the vortex flow imposed by TE 
processing  at the same induced effective plastic strain.  (Orlov, et al., 2012). 
2.5.4 Optimization Studies on TE 
Even though several comprehensive studies of the effects of TE processing under 
different loading schemes was carried out on miscellaneous metals and alloys, only a few 
focused on the optimization of twist extrusion parameters such as twist angle, temperature, etc. 
The first optimization article was published in 2013, where the researchers have presented the 
experimental model built by applying the response surface approach (RSA) to investigate the 
impact of different TE parameters on AA6082 (Iqbal & Kumar, 2013).  The commercial design 
of experiments software -Design Expert © - was used to plan the experiments and experimental 
model using the Central Composite Design. Three input variables were chosen for the analysis: 
the forming load, temperature, and number of passes. Tensile strength and hardness were 
chosen to be the responses of interest; upon which the systems deformation performance will 
be evaluated. The results of the investigation indicated that the number of passes and 
temperature were the main parameters which have the greatest influence on the hardness and 
tensile strength enhancement. Also, the authors concluded that the developed mathematical 
models could effectively describe the deformation performance of TE within the models preset 
constraints (Iqbal & Kumar, 2013).  A similar analysis was then performed for AA6061 and 
yielded similar results (Iqbal, Kumar, & Gopalakannan, 2016). Another response surface study 
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was reported in 2014 but carried out a different approach than the former study. In this study, 
the results of finite element simulation were used to model the twist extrusion using a three-
level factorial central composite design, where the twist angle, friction factor, and ram speed 
were the input factors. The input variables were then evaluated against the imposed effective 
plastic strain and strain homogeneity (Bakhtiari, Karimi, & Rezazadeh, 2016). The statistical 
analysis of response surface demonstrates that the friction factor as well as the twist angle are 
the most significant factors affecting the overall strain and its homogeneity during TE 
processing, while the ram speed has had the least effect at room temperature. The optimal 
design values proposed for the twist angle, friction factor and ram speed were 46.3o, 0.27, and 
2 mm/s, respectively. The reported values could then be used for the manufacturing of the twist 
extrusion die and while processing, to achieve the optimum deformation performance 
(Bakhtiari, Karimi, & Rezazadeh, 2016). 
2.5.5 Finite Element Studies on TE 
The stress-strain state of a sample processed by TE was investigated with the aid of 
finite element (FE) modelling. The FE modelling approach has been extensively applied to 
evaluate the deformation of metal forming techniques with respect to the preset boundary 
conditions, material properties, etc. As a result of the effectives of the tool to provide a reliable 
estimate of the deformation behavior and response under different conditions, it is now 
acknowledged as a necessary tool for assessing the influence of various geometric and 
processing parameters in a cost-effective manner. Consequently, the FE numerical studies of 
TE were mostly concerned with the tool geometry and process variables, i.e. twist angle and 
number of passes, respectively. 
 
In 2008, Mousavi & Shahab used the FE commercial code “ABAQUS 6.5” software to 
evaluate the magnitude of strain distribution after 3-passes of TE imposing an effective plastic 
strain of 3.6 via Route I on AA1100. A punch speed of 5mm/s was chosen along with a friction 
factor of 0.1 considered for all contact surfaces. Moreover, all boundary conditions were set to 
mimic the actual case, where the punch was only able to move in the direction of extrusion. 
Also, the revised Johnson cook material model was used to model the deformation behavior of 
the material. The research team evaluated the effective strain induced as well as its variation 
along the longitudinal cross section, along which different elements were identified at the 
corners. Since the microstructure evolution depends on the imposed strain, the model was then 
validated by metallographic images and grain size measurements and their correspondence to 
the strain distribution output from the simulations. These simulations revealed that the strain 
accumulates differently across the cross-section where the highest magnitude of strain occurred 
at the corner and the lowest at the center, varying from 1.8 to 0.6, respectively, after a single 
TE pass. Not only that, but the numerical model depicted the variation of strain along the 
extrusion direction, where the bottom ends experienced higher strain values than that at the 
top. The reason for this phenomenon was not clearly discussed in the article. Finally, the 
authors concluded that the strain is directly proportional to the number of passes, however the 
strain accumulation is subject to saturation at the materials threshold limit for grain refinement 
(Mousavi & Shahab, 2008). In 2011, Mousavi et al. continued the FE investigation on pure Al. 
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the study elucidated that the maximum stress and strain occurred at the corner elements as a 
result of the contact of these regions with the die surface. A maximum stress of magnitude 305 
MPa occurred at the bottom end of the 3rd pass extrudate, while the top ends experienced less 
stresses of 185 and 150 MPa. These results were further supported by hardness heterogeneity 
across the extrusion direction as well as the tensile properties. The authors provided an 
explanation to such occurrence, where they discussed the possibility that the residual stresses 
might have acted as BP in the lower sections of the billet, thus, enlarging the stresses in the end 
of the sample compared to the top areas. Moreover, another explanation of the decreased 
heterogeneity and improved homogenization of properties dissemination as a function of 
increasing the number of passes is explained by the stress distribution and variation (Mousavi 
& Bahadori, 2011).  A similar FE study was performed on AA6061 at RT using the commercial 
code DEFORM-3. The study revealed an equivalent trend in the deformation characteristics 
and behavior, irrespective of the material (Iqbal &Kumar, 2013). 
 
On the contrary, Kalahroudi et al. performed FE simulations for 8 TE- passes imposing 
an effective plastic strain of 9.6 via Route I and b=60o at RT on AA1050 and produced quite 
opposing results (2016). Kalahroudi and co-workers used DEFORM -3D FE package for the 
simulations. The study revealed that the inhomogeneity increased as the deformation increases 
up to 8-passes, where even though strain increases as the number of passes increase, the 
maximum strain experienced at central regions was 2.8 compared to 6 experienced at the 
corners of the 8th pass extrudate (Kalahroudi et al., 2016).It is worth noting that the FE models 
were able to predict the deviations from the simple shear model in terms of the distribution of 
the von Mises effective strain, which suggests that the strain increases radially from the center 
(strain is assumed to be zero) and towards the corners and peripheral regions. The numerical 
models have all revealed that the near -axis regions experience a non-zero strain that could 
reach ~0.7. The deviations from the helical flow model has been proposed by Latypov et al. 
(2015), where FE simulations of TE were performed by inserting fiber markers in to the sample. 
Simulations depicted that the fiber inserts departed from their original positions indicating the 
occurrence of cross-flow. Moreover, Latypov et al. explains that under the assumption of the 
ideal helical deformation model, the billet will undergo rigid body motion (translation and 
rotation), which leads to the simple shear deformation at the intersecting planes between the 
straight and twist channels. However, FE simulations have shown that such deformation is 
confined to perfectly plastic material, whereas in reality, both in plane and out of plane 
distortions along the transverse cross sections occur and are a function of the twist angle and 
friction factor (Latypov et al., 2015; Faregh & Hassani, 2017). 
 
The influence of backpressure on the stress-strain state and final shape of the TE 
processed billet was numerically investigated by latypov et al. (2012). The FEM was developed 
using the Abaqus/Explicit commercial code, where the die and punch were modeled as rigid 
bodies and the workpiece (Commercially pure Aluminum) as a deformable body. The mesh 
size was chosen on basis of producing the most reliable results with minimal computing power 
and time waste. The study elucidates that a minimum BP of 25 MPa is needed to ensure full 
filling of the die and that no corner gaps occur, where the BP compresses the material within 
the die and ensures that it receives the highest strain. Moreover, it was shown that adequate BP 
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helps preserve the final shape of the twisted sample and minimizes warpage (Latypov et al., 
2012). Consistent results were produced by Kim et al. (2015). 
 
All the previous numerical studies simulated a typical TE die with a twist angle b of 
60o and rotation angle of 30o, however, recently, a few studies analyzed the effect of TE dies 
with lower twist angles. Latypov et al. explained that the new interest to model different TE 
dies with a reduced twist -line slope stems from the possibility to increase endurance of the TE 
die and prolong its useful life (2014). Moreover, the authors add that decreasing the twist angle 
could endure lower processing costs which would be especially favorable for 
commercialization. Accordingly, a comparative FE model was developed to evaluate the 
difference in the deformation characteristics of both TE dies of b (60o & 30o). The study 
displayed a similar deformation behavior for both angles b 60o & 30o, however the results 
suggest that more uniform distribution of properties was attained by reducing the twist angle 
and decreased deformation load which was coupled with a moderate increase in the strength 
properties compared to TE dies of higher twist angles (Latypov et al., 2014). The FE study 
conducted by Faregh and Hassani on TE (b=30o) confirmed the aforementioned results and 
added that the simulations represented a more homogenous microstructure as a result of 
intensifying the vortex flow responsible for the mixing effect associated with TE processing. 
The results were also consistent with findings presented by Kulagin et al. (2013). Moreover, it 
was observed that most of the increase in the stresses occurs in the first TE passes, where the 
strain saturation is the main reason for the rate of reduction (Faregh & Hassani, 2017). 
 
Finally, since the grain size and the mechanical properties of the processed material is 
primarily dependent on the induced strain and its distribution. FE analysis makes it possible to 
successfully evaluate how the induced strain could be increased and how to improve its 
homogeneity to produce a microstructure with finer grains and to achieve a work hardened 
workpiece with homogenous mechanical properties. Thus, it has become an indispensable tool 
for SPD researchers and especially in their evaluation of new techniques. 
2.5.6 Applications of TE 
The production of ultrafine grained bulk material by TE has opened new opportunities 
for the fabrication of commercial UFG metals and alloys for various applications. Previous 
studies have demonstrated the ability of TE to produce tailored microstructures and properties 
due to the mixing effect which enables the homogenization of deformed structures as well as 
powder consolidation. Beygelzimer et al. suggested several technological applications based 
on TE processing (2011). The authors highlighted the UFG AL-Mg alloys produced via TE 
exhibit high strength to weight ratio and fatigue strength, which provides promising prospects 
for TE structures to be used in light weight applications, i.e. aircraft and automotive industries. 
The use of alloys with high specific strength and stiffness properties would enable the reduction 
in the specific quantity of metal per structure and thus, reduce fuel consumption and prolong 
the useful life of the component (Beygelzimer et al., 2011). Another essential application of 
TE material is the strengthening of CP Ti for use in medical applications-owing to their 
biocompatibility characteristics. The interest stems from the potential harmful effects Ti-
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alloys, currently used in medical implants, has on the human body (Mahmoodian et al., 2017). 
TE - along with other SPD techniques- have the potential to strengthen pure Ti to levels 
equivalent to those exhibited by the other alloys, alleviating the health hazardous caused by the 
alloying elements. In an attempt to evaluate the influence of TE on CP Ti, Varyukhin et al. has 
performed 4-passes of TE followed by rolling (2011). As a result, significant grain size 
reduction has been achieved accompanied with remarkable strengthening. Consequently, the 
research team were able to fabricate effective orthopedic implants (Varyukhin et al., 2011). 
Moreover, a review of the various applications attainable from SPD processed billets are 
presented by (Azushima et al., 2008). 
 
On the other hand, Estrin and his co-authors have clarified that the real constraint 
limiting the integration of SPD in actual manufacturing processes of large bulks is the high 
cost associated with the very high pressures and strain levels associated. Additionally, the 
benefits associated from SPD strengthening and grain refinement are not pronounced with large 
dimensions, as the average grain size increases as a function of the cross-section. However, 
such problems radically disappear when SPD processing is applied in the micro and small-
scale industries. It is claimed that parts for the use in micro-electro mechanic systems (MEMS) 
could be produced from SPD processed structures (Estrin, Kulagin, & Beygelzimer, 2018). 
Another unique feature Specific to TE processing is the ability to create entirely new structures 
with special inner architectures impossible to achieve by other SPD and /or conventional 
manufacturing techniques. Hybrid metallic materials with gradient architecture has been 
proposed in Beygerlzimer et a., 2017. Such tailored materials combine contradicting properties 
such as high strength and ductility or possess an UFG-strong shell and tough core. Thus, the 
unique multiscale vortex flow introduces new horizons of property enhacement and material 
architecture. 
2.5.7 Modified TE Designs 
 
The interest in the commercial use of SPD materials with superior properties addresses 
the issue of industrial requirements. In this regard, SPD methods that can provide higher 
strengthening effects became of prime interest. As demonstrated above, TE has received 
considerable interest in recent years due to the unique plastic flow of the material which can 
be utilized for the formation of specific microstructural features. Accordingly, in recent years, 
the advent of new SPD design inspired by and based on TE occurred. 
 
Predominantly, modifications introduced have combined either the combination of two 
established processes such as TCAP (Twist Channel Angular Pressing) or TCAMP (Twist 
Channel multi-angular pressing) as means of imparting higher strains or provide special 
features to enable processing of cylindrical billets such ECSEE (elliptical cross-sectioned spiral 
Equal Channel Extrusion) and off-axis TE. Kocich et al. (2010) proposed the merge of ECAP 
and TE in one die known as TCAP, where a sample gets extruded through a twist channel 
followed by the equal angular channel. The authors explained that the choice was based on 
their relative simplicity and capability to produce UFG structures for practical applications. 
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The new design was evaluated numerically and further verified experimentally. Results 
revealed that the imposed strain levels rise significantly to reach ~2.3 after a single TCAP pass 
coupled with improved homogeneity if compared with separate TE or ECAP structures (Kocich 
et al., 2010). Based on the success of the TCAP design, Kocich and coworkers further modified 
it to produce the TCAMP die, which aims at improving the deformation efficiency of TE and 
TCAP by introducing a multi angle twist channel in the ECAP die (Kocich et al.,  2014). It is 
realized that the effective strain increases to reach magnitude of ~3 after a single pass and is 
uniformly distributed. However, despite the increase in strain and evolution of properties, the 
TCAMP and TCAP deformed billets suffer from end distortions which requires further 
machining before additional passes are employed and thus, interrupts the process and creates 
unfavorable material waste. Moreover, the second group of TE variants is based on making 
changes to the twist deformation zone to enable the deformation of cylindrical rods. ECSEE 
has been described in (Li et al., 2015), where the die is comprised of elliptical cross-section 
channels where the strain accumulates within the workpiece without changing the cross-
sectional area. Additionally, it was concluded in a parametric study conducted using ECSEE 
to extrude AA7075 that the effective strain is proportional to the torsional angle and reaches a 
maximum of 0.7 in the 1st pass for angles of 120o (Shahraki, Alinaghian, & Motahari-Nezhad, 
2017). 
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2.6 RESEARCH MOTIVATION, AIM, & OBJECTIVES 
From the discussion in the previous sections, it is inferred that the constantly emerging new 
SPD-designs are developed with a goal of providing improved deformation processes that 
enables the transition from the laboratory scale to the industrial sector. However, in the pursuit 
to integrate SPD in the industry, critical issues such as tool cost, material waste, processing 
pressure, production cost and die durability are not accounted for. Despite the recent advances 
in this field, most of the literature on the novel TE and SPD techniques has been dedicated and 
focused mainly on incrementing the deformation effective strain of the proposed designs, 
disregarding the aforementioned limiting aspects necessary for industrial integration. 
Predominantly, modifications introduced have either proposed the combination of two 
established processes such as ECAP and TE as means of imparting higher strains or provide 
special features to enable processing of cylindrical billets. On the other hand, in TE, the 
manufacturing of a customized die for each and every product dimensions and specifications 
is economically unjustified. Thus, the need to design a rather flexible cost-effective tool 
becomes of imminent need. Accordingly,  
 
The aim of the present study is: 
“To validate and evaluate a novel cost-effective die that would advance the uptake of TE in the 
industry that will translate into processing cost savings and greater manufacturing flexibility”. 
 
The following objectives were set to achieve this aim: 
 
• Evaluate and validate an innovative SPD technique “Multi Channel Spiral Twist 
Extrusion (MCSTE)” designed and manufactured by El-Garaihy & Salem; (Provisional 
Patent US 62/492,456) as a novel technique based on TE processing suitable for BM. 
 
• Evaluate and validate the MCSTE process as a function of number of passes and 
processing angles through statistical analysis. 
 
• Numerical evaluation of the effective stress and strain induced as a result of MCSTE 
processing as a function of a function of number of passes and processing angles. 
 
• Evaluate the mechanical and structural evolution of 1xxx and 5xxx series Al-alloys. 
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CHAPTER 32 
 
DIE DESIGN & MANUFACTURING 
In order to alleviate the aforementioned limitations of the conventional SPD processes 
and to capitalize on the many advantages of conventional TE processing, a novel design termed 
“Multi-Channel Spiral Twist Extrusion (MCSTE)” has been developed and provisionally 
patented (El-Garaihy & Salem, 2017). 
 
3.1 NOVEL DIE DESIGN 
 
MCSTE is a modified version of the TE process described in chapter 2. The MCSTE 
setup consists of three monolithic dies: upper (inlet) straight channel, twist channel, and Lower 
(exit) straight channel, as shown in Fig. 3.1. 
 
 
Fig. 3.1 Schematic of the MCSTE die setup 
The novel technique differs from TE, where instead of the billet having to be directly 
pressed through the die, MCSTE uses customizable-stacked disks, Fig. 3.2 (a), which hosts the 
billet of any given cross-section (except circular), as seen in Fig. 3.2 (b). These disks could be 
customized to any non-circular shape to extrude various profiles effectively without the need 
to fabricate and customize costly TE dies to extrude different cross sections. Hence, the 
introduced modification in the conventional TE die is expected to provide a rather simple and 
effective solution that will translate into processing cost savings, greater manufacturing, and 
processing flexibility. 
 
                                               
2 Parts of this Chapter were taken from authors’ publication, “El-Garaihy, W.G., Fouad, D.M. & Salem, H.G. 
(2018). Multi-Channel Spiral Twist Extrusion (MCSTE): A Novel Severe Plastic Deformation Technique for 
Grain Refinement. Metallurgical and Materials Transaction A, 49, 2854-2864.” 
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Fig. 3.2 Schematic of the current MCSTE (a) Disks’ Dimensions (b) Aeembly of stacked disks hosting a square cross section 
billet. 
In the MCSTE scheme used in this study, the disks are designed to host a square cross-
sectioned ingot; as seen in Fig. 3.2 (b).  The disks have a circular cross-section with a diameter 
of 30 mm, thickness of 4 mm and 10*10 mm square cavity. However, the shape and size of the 
cavity could be varied depending on the preselected dimensions and cross section of the billet. 
Moreover, the billets length governs the number of disks used, where the current design allows 
for variation in length from 4 to 80 mm. This allows for flexibility in varying the billets length. 
Accordingly, varying the height of the MSCTE extrudates becomes effortlessly possible 
without the need for fabricating different die cavities with different dimensions. In addition, 
since the dimensions of the internal cavity of the disks control the dimensions of the processed 
billet, the MCSTE die has the ability of processing billets with different cross sections. This 
advantage helps in the investigation of the effect of the cross section of processed billets on the 
homogeneity of the produced mechanical properties and structure from the peripheries to the 
center and optimization of the process in favor for industrial applications. Additionally, it 
should be emphasized the manufacturing of disks with an intricate profile would be easier and 
less expensive compared to the case when a typical TE die is fabricated. 
 
Furthermore, all disks have cylindrical addendums, with a diameter of 4 mm, to guide 
their motion along the different channels of the die, as demonstrated in Fig. 3.2(a). The stacked 
disks are then assembled in the upper straight cylindrical channel with an internal diameter of 
30 mm (Fig. 3.3 (a)). Two opposite straight paths are present in the internal periphery of the 
straight channels to guide the disks’ motion during processing. 
 
Fig. 3.3 (a) illustrates the disks/billet assembly motion through the different channels, 
where a punch (with the same cross-section as that of the disks) is used to apply compressive 
stresses and press the whole assembly. In the spiral zone, the assembly twists about the 
longitudinal axis without the billet undergoing any dimensional or shape changes, as 
demonstrated in Fig. 3.3(b). The disk-billet assembly is guided through the twist channel by 
the cylindrical addendum along two opposite spiral slots inclined with a twist slope of angle b 
with the vertical axis. Afterwards, the assembly twists clockwise relative to the inlet channel 
and then undergoes a full counterclockwise rotation, through an angle (a) of 90o, as it passes 
through the exit channel of the die. This feature allows the billet to be extruded repeatedly 
through the deformation and exit channels. Also, another eminent feature of MCSTE 
a) b) 
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processing is that the disks contain the deformed billet and thus, enables continuous operation 
without the need for intermediate processes required to remove flash, as in the case with ECAP 
and TE processing. Consequently, the imposed cumulative strain leads to the refinement of 
grains of the extrudate and hence influences its mechanical properties. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3 Schematic of MCSTE simulation of (a) Pressing Punch during deformation (b) disks/billet assembly translational 
motion through the twist channel. 
Accordingly, the billet is subjected to three stages of deformation: (i) compression at 
the inlet channel; (ii) clockwise shear deformation within the twist channel, in which the 
magnitude depends on the angle within the twist channel; and (iii) counterclockwise shear 
deformation by twisting 90o within the exit channel. In this study, the twist angle b were 30o 
and 40o, with corresponding deformation length 40 and 24 cm, respectively, chosen according 
to the optimization study performed by Latypov et al. (2015). 
 
According to the derivation of the coffin-Manson empirical formula for fatigue failure 
(equation 3.1); where N is the no. of passes the die can endure and n is number of passes 
necessary to accumulate the required strain. 
 U[ = -vw                                                                                                     (3.1) 
 
It follows that, since strain is proportional to the angle b, thus, reducing the b would increase 
the endurance of the die and prolong its useful life (Latypov et al, 2014). Therefore, the use of 
twist channels of reduced twist angles in MCSTE processing is expected to provide an 
attractive feature for prospective industrial commercialization. 
 
Moreover, the three channels of the MCSTE die are assembled using four through-bolts 
to maintain the alignment between the die parts and to prevent any relative twisting between 
the MCSTE parts during processing. On the other hand, the three assembled channels of the 
die are fixed using four bolts to a hollow base, which is fixed to a universal testing machine. 
The die base, shown in Fig. 3.1, contains a longitudinal cylindrical hole of 60 mm in diameter, 
in which a support plunger is fitted. The support plunger is connected to the fixed part of the 
testing machine body using extension springs. The function of the extension springs is to apply 
(a) (b) 
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backpressure during processing. It is relevant to adduce the fact that another advantage of this 
technique would be the possibility to change the magnitude of the backpressure by increasing 
the number of used springs or by replacing them with ones having higher stiffness property. 
After the completion of MCSTE processing, the connecting bolts are released to eject the 
processed billet using a plunger with the same geometry and dimension as the disk cavity. Full 
details of the MCSTE die and different channels are found in Appendix A. 
 
Although this was outside the current research scope, it is important to identify other 
applications which could be facilitated by the MCSTE technique, i.e. powder metallurgy.  In 
the case of using powder material, the first stage in processing would be compaction and 
consolidation within the upper straight channel. The powder material would be filled in the 
assembled disks that are enclosed by a stopper at the top and a solid disk at the bottom. After 
filling the disks’ cavity with powder, the disks along with the powders are subjected to uniaxial 
hot compaction (hot pressing for simultaneous sintering) using a punch having the same 
geometrical shape as the disk cavity, followed by the subsequent deformation stages. 
 
3.2 DIE MANUFACTURING 
 
Finally, a preliminary pilot test was performed before the manufacturing started to test 
the feasibility of the new idea. Details are presented in Appendix A. The discs, channels and 
different plungers were fabricated using high strength steel (W302) from Buhler Company, 
typically used for heavy duty work tools and dies. The chemical Composition (%) is presented 
in table 3.1.  The manufacturing process was carried out in Fresh factory, located in the 10th of 
Ramadan city. The fabrication was composed of a combination of wire cutting, turning and 
milling procedures. The inner profiles were machined with positive tolerance to ensure that the 
fitting of the assembly and its’ motion. 
 
Table 3. 1 Chemical Composition of W302 High Strength Steel (weight %) 
 
The twist profile was machined, using the CNC vertical milling machine; the twist 
angle b were provided using two carbide inserts. The machining was followed by a typical heat 
treatment procedure according to guidelines set by buhler for W302 Steel alloys, refer to 
appendix A. 
 
 
 
 
 
 
Element C Si Mn Cr Mo V 
Weight, % 0.39 1.10 0.4 5.20 1.4 0.95 
CHAPTER 4  FINITE ELEMENT MODELLING 
 - 52 - 
 
CHAPTER 4 
 
FINITE ELEMENT MODELLING 
The development of an efficient computer simulation is rapidly replacing traditional 
experimental and analytical methods. The stress-strain state of material subject to various bulk 
forming and SPD techniques have been commonly assessed with the aid of Finite element (FE) 
modelling. The need arises from the difficulty of evaluating strain associated with deformation 
and its distribution along the deformed cross-section. Additionally, the large number of the 
processing parameters and their impact on the flow behavior and deformation characteristics 
of any given system, make it extremely challenging and highly costly to experimentally 
evaluate their individual effect, even if design of experiments is performed (Bakhtiari, Karimi, 
& Rezazadeh, 2016). However, the FE analysis is not confined to such limitations and has 
become an indispensable tool for providing useful information regarding the effective stresses 
and strain induced as well as enable the improvement and optimization of tool geometry and 
process variables, i.e. backpressure (Beygelzimer et al, 2017). 
 
4.1 SIMUFACT-FORMING SOFTWARE 
 
There are numerous general-purpose commercial FE packages that can simulate 
forming processes. The operation of such softwares often require a lot of expertise and 
knowledge to build complex designs. However, recently, various FE software packages have 
been devised specifically for the simulation of deformation processes. Among these packages, 
simufact-forming by MSC software company offers a user-friendly interface which allows the 
accurate simulation of FE models for different dies and processes in a simple manner, without 
the need to undergo a cumbersome learning process to develop the physics and knowledge 
needed; all the physical features governing forming processes are embedded in the system and 
predefined for the user to select from which facilitates the modeling process and produces 
effective results in a relatively short time. 
 
In this study, a trial version of simufact- forming 14 has been used to simulate the 
MCSTE novel design and to obtain the stress-strain states associated with the current die setup. 
The software was provided by MSC software company for a two-month trial period as a support 
for research. However, the limited time has constrained the capability to expand in modeling.  
The major input requirements needed are preset by the software and are summarized in Fig. 
4.1.  The FE modelling is mainly comprised of three important stages: the pre-processor, 
simulation and post-processing and data collection stage. The pre-processing stage establishes 
the main inputs to the model and its design. Afterwards, a series of simulation and post 
processing runs are employed to obtain the predicted data. 
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Fig. 4.1 Main input requirements to the FE model formulated using SIMUFACT forming 14. 
 
4.2 MODEL FORMULATION: PRE-PROCESSING 
 
The cold forming extrusion module was chosen to simulate the MCSTE process. All 
geometries were imported from solid works design software. For simplicity, the model 
consisted of the plunger, twist die, workpiece-disks assembly and backpressure.The plunger, 
dies and disks were modeled as rigid objects made of a hypothetical non-deformable material. 
The workpiece was modeled as a deformable object and the materials AA1100 and AA5083 
were chosen from the built-in library and identified in each case. The thermal and mechanical 
properties were pre-identified. Furthermore, a hexahedral mesh was used, which is typically 
used in computational modelling of 3D regular shapes. Knowing that the accuracy of the model 
is directly related to the mesh size, a mesh refinement scheme was followed where a 
preliminary coarse element size was chosen and then gradually decreased in several iterations 
until the solution converged. This was a key step in validating the model and in gaining more 
confidence in the model formulated. Subsequently, a mesh size of 0.5 mm was chosen which 
FE simulation of MCSTE 
Object Description Object Relations 
Material used  Simulation Parameters   
 
* Object 
identification 
(Die, workpiece, 
etc).. 
 
*Geometry  
 
 
 
*Friction 
 
*Contact 
surfaces 
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transfer 
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material library 
or define new 
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* Remesh 
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* Boundary 
Conditions, etc. 
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yielded a total of 16710 total nodes solved during the simulation and consumed the least 
computational time, as seen in Fig 4.2. In addition, a re-meshing criterion was set to take into 
consideration any changes in the geometry and dimensions of the workpiece during processing 
and as a result of deformation. 
 
 
 
 
Fig. 4.2 Mesh size of 0.5 mm 
The workpiece material was modeled as an isotropic linear elastic and strain hardenable 
rigid plastic material. The Johnson cook constitutive material model was used as defined in 
(Equation 4.1) to study the behavior of the material during deformation. 
 𝜎 = (𝐴 + 𝐵𝜀[)(1 + 𝐶𝑙𝑛𝜀)[1 − | 𝑇 − 𝑇~𝑇Y − 𝑇EY] 
where, 
A: YS of the Material at R.T,  
B: Hardening Parameter, 
C: Strain rate sensitivity, 
n: Hardening Exponent, 
m: Thermal Softening,  
Tm: Melting Temperature. 
 
This model is capable of representing the material behavior displayed under moderate to large-
strain and high deformation rates (Grujicic et al, 2012). 
 
The Johnson cook material model parameters for AA1100 and AA5083 is presented in table 
4.1 below 
 
 
(4.1) 
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Table 4.1 The adopted Johnson-cook model parameters for AA1100 (Mousavi & Shahab, 2008) and AA5083 (Yalavarthy, 
2009) 
 
 
 
 
 
A constant temperature of 20 oC was maintained throughout the process and the default setting 
for the heat transfer coefficient between two objects was used, where a constant value of 50 
W/m2 K was applied. Frictional shear stress (t) for all surfaces in contact were defined 
according to equation 4.2; where m is the friction factor (ranging from 0 for frictionless to 1 
for fully sticking objects) and k is the shear flow of the material 
 𝜏 = 𝑚	𝑘                                                                                                  (4.2) 
 
According to the literature and preset friction factors recommended by simufact-forming 
software for forming processes using lubricants, a friction factor of m=0.12 was applied. 
Moreover, contact definition of all surfaces in were identified for the model accurately mimic 
the actual interaction taking place during deformation. The contact between the disks and billet 
was identified as inseparable and touching. Similarly, the contact between the assembly and 
plunger was modeled as inseparable and touching. 
 
The boundary conditions were set as in the actual experimental procedure, where all 
degrees of freedom are foreclosed expect for the translational and rotational motion (tabular 
motion) in the z-direction (extrusion direction). The results obtained from the simulation were 
then validated by the experimental results. The effective strain values and distribution were 
correlated with the hardness increase and uniformity along the cross-section.  The comparison 
validated the model, which was then used for estimating the equivalent stress- strain developed 
as a result of MCSTE processing under various conditions. This was a vital step in the 
evaluation of the MCSTE technique and its deformation characteristics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Material A(MPa) B (MPa) N C M Tm (oC) 
AA1100 80 120 0.73 0.008 1.7 660 
AA5083 167 596 0.551 0.001 1 620 
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CHAPTER 5 
 
MATERIAL & EXPERIMENTAL SETUP 
 
5.1 MATERIAL 
 
As outlined in the literature, the impact of SPD on the evolution in the mechanical and 
microstructural properties of solid solution strengthened alloys is different than that of pure 
material. Therefore, two aluminum alloys were chosen for investigation in this study; 
commercially pure AA1100 and strain hardenable AA5083. Both alloys are non-heat treatable. 
The measured and nominal chemical compositions of wrought alloys AA1100 and AA5083, 
respectively, are shown in Table 5.1.  
 
Table   5.1 The measured and nominal compositions of AA1100 and AA5083, respectively. 
 
 
 
 
 
AA1100 was received in the form of 10*10 mm rods, with an average grain size of 
111µm. AA5083 was received in the form of rolled plates of 10mm thickness, with an average 
grain size of 32 µm post annealing of the plates at 673 K for 1-hr as a homogenization and 
softening treatment followed by air cooling. AA1100 and AA5083 were cut and machined, 
using the wire EDM and Lathe available in the mechanical engineering workshop at AUC. 
10*10*40 mm billets were prepared for all investigations carried out in this study. 
 
5.2 MCSTE EXPERIMENTAL PROCEDURE 
 
MCSTE processing was conducted at room temperature using a 250KN 
electromechanical testing machine; Schenk-Trebel. The MCSTE die setup is shown in Fig. 5.1. 
The experimental investigations were divided in two sets: the first set was comprised of 
planned screening experiments (Screening DoE) designed- using the Design Expert software 
©- to validate the novel technique and to identify the main significant factors which maximizes 
the response. Montgomery (2001) has recommended the application of Screening DoE 
techniques specifically when experimenting with new techniques, as a way to reduce the choice 
of input factors and establish a preliminary understanding of the systems characteristics. Upon 
validation and identification of the prominent processing parameters, a comprehensive study 
was conducted to investigate the impact of two different MCSTE dies, b (30o and 40o) on the 
evolution of AA1100 and AA5083 aluminum alloys. 
 
 
Material Element Fe Mg Mn Cu Ca 
AA1100 Weight, % 0.6 0.037 0.057 0.18 0.006 
AA5083 Weight, % 0.4 4.5 0.4 0.1 -- 
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Fig.5.1 MCSTE Die Setup. 
5.2.1 Screening DoE 
 
The use of predictive statistical models to evaluate the different industrial processes is 
on the rise. Central to the entire discipline, statistical design of experiments (DoE) are argued 
to be the most cost-beneficial method (Wass, 2010). DoE is an effective approach used to plan 
and design experiments to characterize, predict the behavior, and then optimize any process. 
In many areas of application, there is often a large number of potential variables which could 
affect the response of a system. Hence, conducing screening experiments are an integral part 
of any experimental process, devised with the aim to identify the most influential input 
variables (Woods & Lewis, 2015). It is also a highly recommended procedure performed when 
assessing new systems and processes which reduces variability (Montgomery, 2001). 
 
Screening is defined as the process of discovering, through statistical DoE modelling, 
those controllable variables which have a substantive impact on the systems - predefined- 
response (Woods & Lewis, 2015). As illustrated in Fig. 5.2, screening experiments could be 
achieved by the careful choice of input variables and corresponding response. This is followed 
by the use of an appropriate computer-based tool to aid in designing the experiment. 
Afterwards, the experimental runs are performed to enable the collection of the response data 
required to fit the mathematical model. Furthermore, these initial screening runs are considered 
a prelude to further experiments, where the outcome is usually further applied in follow-up 
experiments where specific information is gained around target (desired) outcomes (Wass, 
2010) 
 
Lower straight 
Channel 
Twist Channel  
Inlet straight 
Channel 
Pressing Plunger  
Support Base 
Back-
pressure    
Springs 
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Fig. 5.2 Approach for screening experimental design. 
In this study, three input factors have been chosen for the screening experiments: 1. 
route type and two levels (A & C); where A involves no rotations between passes and C 
involves a 180o rotation, 2. Punch Speed combined with three levels (3, 10, & 20 mm/min), 
and finally 3. Number of passes (up to two passes). After the selection of input factors, a 
mathematical model in the form of a linear first-order response surface with best fittings was 
developed. The model was devised using the commercial “Design Expert” statistical package 
and an I-optimal custom design was applied due to the presence of constraints, which was 
recommended in (Cheng & Wu, 2001). A total of 9 experimental runs were produced by the 
model and another 9 replicates were performed to increase the accuracy of the model.  A 
summary of the pre-identified factors, designed experimental matrix and response is shown in 
Appendix B. It is important to note that due scarcity of AA1100 material, AA5083 was used 
in this experimental run. The influence of MCSTE on material deformation was assessed later. 
 
Moreover, before adopting the outcome of the statistical analysis, the adequacy of the 
model was checked. Normalization plots (Fig. 6.1(a-c)) depicts a normal distribution of error 
indicating an excellent adequacy of the regression model. Also, the determination coefficient 
(R2) indicates the goodness of fit for all the models, they are all in the range of 0.95-0.99, which 
indicates a high correlation between the predicted and actual values. This indicates that the 
model exhibits a maximum of 5% variation. Similarly, the adjusted coefficient (Adjusted R2) 
was high, which indicated the high significance of the model. The same behavior follows for 
the predicted R2. Full details of the regression analysis are presented in appendix B. 
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5.2.2 Comparative Study: Twist Angle, b 
 
Upon process validation and outcomes of the screening experiments, all subsequent 
experiments were conducted via Route A (in which the disks-billet assembly was inserted in 
the inlet channel without rotation in successive passes) and a constant punch speed of 
10mm/min was applied. Additionally, two MCSTE dies having twist channels of b 30o and 40o 
were used in further investigations with the objective of analyzing and comparing their effect 
on AA1100 and AA5083 as a function of multiple passes. In most of the literature on TE, the 
dies are split designs. However, the MCSTE monolithic dies enables the replacement of the 
twist channels of different angles while all the remaining channels and parts are the same. 
Moreover, to minimize friction between disk-billet assembly and the die inner walls, the billets, 
inner disks cavity, and inner die channels were all well lubricated using a general-purpose 
graphite-based lubricant. Also, the support base at the outlet of the exit channel, connected to 
the backpressure springs, are used to create a minor backpressure of approximately 5 MPa 
against the disks motion during the extrusion process. The billets were pressed with the aid of 
hardened steel plunger shown in Fig. 5.1. The table below illustrates the experimental scheme 
followed using AA1100 and AA5083; 
 
Table 5.2 The Comparative Experimental Matrix 
Comparative Experiments Process Parameters 
Experiment # Alloy No. of Passes Twist angle (b) 
Exp. 1 
AA 1100 Up to 4 
30o 
AA 5083 Up to 3 
Exp. 2 
AA 1100 Up to 4 
40o 
AA 5083 Up to 1 
 
For AA1100, a maximum of 4 passes were conducted as it has been reported in several studies, 
that saturation in properties occurs in subsequent passes and that the most significant increase 
and evolution in properties occur in the initial three to four passes.  On the other hand, strain 
saturation occurred much faster than in AA1100 which led to shear localization and fractured 
after 3 passes when using twist dies of  b 30o and after the 1st pass when b 40o is used.  
Furthermore, Fig. 5.3 demonstrates the billets after 1, 2 and 4 passes compared to initial 
condition. 
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Fig. 5.3  Macrographs of MCSTE AA1100 billets extruded with 1, 2, and 4 passes compared to AR plate. 
 
5.3 TESTING and CHARACTERIZATION 
 
For testing and characterization purposes, a total of three billets were processed for the 
same conditions. Two were used in tensile testing so as to obtain more accurate, reliable data 
and the remaining sample was tested for microhardness and corresponding microstructural 
evolution 
5.3.1 Microhardness Measurements 
 
To evaluate the extent of plastic deformation induced by MCSTE processing, 
microhardness was measured using the Mitutoyo HM 112 microvickers hardness testing 
machine prior to and post processing. A load of 1 Kg was applied during testing and a dwell 
time of 15 seconds. In order to evaluate the degree of uniformity of the mechanical properties 
of the extrudates, the samples were sectioned using high precision Isomet cutter to obtain both 
the longitudinal cross-section (parallel to the extrusion direction) (20mm long) and the 
transverse cross-sections (perpendicular to the extrusion direction). The samples were then 
mounted, ground and prepared for investigation. 
 
To assess the evolution of properties at the peripheral regions compared to central areas, 
five equidistant indentations were recorded across the length of the longitudinal cross section 
with vertical spacing of 4mm and their corresponding eight equidistant indentations taken 
across the horizontal line of the longitudinal section with a spacing of 1.25 mm. Moreover, 
microhardness measurements were also recorded across the two opposite diagonal lines of the 
transverse cross section of each tested condition. The measurements were recorded starting 
from the corner of one side to the other one along the diagonal line with an equidistant spacing 
of 1mm. Finally, for better visualization and analysis, the hardness contour maps and profiles 
were created using Online lab -Graphing Software. 
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5.3.2 Tensile Properties Testing 
Uniaxial tension tests were carried out at the advanced materials testing laboratory, 
AUC using a computer controlled Instron universal testing machine 100kN. A constant cross- 
head speed of 1mm/min (10-3 s-1) was applied during the test. The circular tensile specimens 
were machined in the mechanical workshop, AUC, according to the ASTM E8 Standard with 
a diameter of 4mm and gauge length 24mm.  Two specimens were tested for each condition. 
5.3.3 Fractography 
Facture surfaces of the tensile specimens were then further examined using the LEO 
field emission scanning electron microscope (SEM) for the different passes and compared with 
the as-received (AR) and As-Annealed (AA) conditions of AA1100 and AA5083, respectively, 
at 8 KV and a working distance of 10mm using SE2 lens. Moreover, energy dispersive x-ray 
analysis (EDX) was employed to identify the clustered inclusions, which appeared in the AR 
fracture tensile specimen of AA1100.  
5.3.4 Microstructural Observations 
The use of metallography is a crucial characterization process needed to observe the 
extent of plastic deformation and grain refinement across the extrudates, which, also, helps 
support the enhacements reported in mechanical properties. The leicaTM Optical microscope - 
available in AUCs’ metallography lab- was used to take micrographs along the peripheral and 
corresponding central regions of the longitudinal cross sections of each tested condition. 
Representative images of each extrudate taken at low and high magnifications are presented in 
the results section (Chapter 6).  The preparation of both AA1100 and AA5083 was carried out 
as follows: * It should be noted that special care was taken during the preparation of AA1100 
as it was soft and prone to scratching and deformation due to friction. 
 
1. Billets were sectioned as described above to obtain the Longitudinal and transverse 
cross-sections. 
2. Afterwards, the billets were mounted in a self-curing resin to enable handling during 
preparation and the investigation of the desired areas. 
3. Mechanical grinding was carried out gradually from rough to fine grinding using 
Buehler eight-inch sand paper with 320, 600, 800, 1000, & 1200 grit size respectively 
using a disk grinder at the sample preparation and heat treatment lab, AUC. 
4. Fine polishing was then performed using Buehler Microcloth pads and a 0.05 microns 
Alumina abrasive solution to achieve a mirror-like surface. 
5. Finally, the samples were chemically etched using alkaline etchant (NaOH diluted in 
water) for AA1100 and Flicks Etchant  for AA5083. 
 
Subsequently, from the optical micrographs, the average linear intercept method was then used 
to measure the average grain size at the peripheral and central regions, as a function of the 
number of passes as well as measure the angle of grain orientation using the Leica OM tools. 
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CHAPTER 63 
 
RESULTS & DISCCUSION 
The results, herein, represent the findings of various investigations conducted on non-
heat-treatable, strain hardenable Al alloys processed via MCSTE. The analysis is comprised of 
findings from DoE screening experiments and statistical analysis followed by finite element 
modeling and detailed experimental characterization. 
 
As outlined in section 5.2, the experimental investigations were preceded by findings 
from the DOE screening experiments carried out to validate the process, to identify the working 
limits and the significant factors affecting the mechanical properties of the MCSTE extrudates. 
It should be noted that due to scarcity in material, the planned experiments were conducted 
using AA5083 alloy, which was in adequate supply. Afterwards, FEM was employed to 
determine the effective stress and strain associated with the MCSTE processing. The model 
output was then validated by the experimental results and hardness distribution. Finally, 
findings from the DoE were then adopted in the succeeding experiments that were conducted 
for purposes of evaluating the impact of MCSTE processing as a function of the material 
(AA1100 & AA5083 alloys) and three process parameters; (i) number of passes (up to 4-passes 
in AA1100 and 3-Passes in AA5083), (ii) twist angle, b (30o & 40o) and punch speed (10 
mm/min) on the mechanical properties and microstructural evolution of the extrudates.  
 
The chapter is organized into three sections: 
 
1-First section presents details of the DOE screening experiments carried out on AA5083, 
process validation and the main outcomes led to the process parameters chosen and used in the 
following  experimental investigations. 
 
2- Second section: FEM analysis conducted for purposes of investigating the effect of the total 
effective strain and stresses associated with MCSTE processing and their distribution. 
 
3-The third section provides the comprehensive experimental results conducted to analyze the 
effect of processing using the MCSTE die with both twist angle (b) of 30o & 40o. Each section 
was then subdivided to present the effect on mechanical properties obtained for both AA1100 
and AA5083 followed by the supporting microstructural evolution.  
 
 
 
                                               
3 Parts of this Chapter were taken from authors’ publication, “El-Garaihy, W.G., Fouad, D.M. & Salem, H.G. 
(2018). Multi-Channel Spiral Twist Extrusion (MCSTE): A Novel Severe Plastic Deformation Technique for 
Grain Refinement. Metallurgical and Materials Transaction A, 49, 2854-2864.”  
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6.1. DoE: PROCESS VALIDATION & SCREENING 
A screening DoE design was conducted to enable the process validation and 
preliminary characterization of the novel process to identify the initial significant factors that 
affect the responses; yield strength, tensile strength, elongation and hardness.  
Fig. 6.1(a-c) display the normal probability plot of the residuals for the indicated 
responses: YS, UTS, average hardness, respectively of AA 5083 alloy. The plots revealed that 
the residuals mostly fell on a straight line, which indicated the normal distribution of error and 
the adequacy of the regression model (Montgomery, 2001). 
 
Fig. 6.1 Normal Probability Plots of (a) YS, MPa (b) UTS, MPa (c) Avg. Hardness, Hv. 
Response surfaces were developed for all the empirical relations derived by the 
statistical analysis outlined in chapter 5. Both the contour plot and response surfaces were 
generated using the Design Expert Software ©. As the model applied was a first-order model 
concerned with the main effects of the input factors: A (Punch Speed), B (No. of Passes), and 
C (Route type), the fitted response surface is expected to be a plane and the contour plot would 
be straight lines which helped in finding a direction for potential improvement and positive 
influence on strength properties (Montgomery, 2001). 
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First, the effect of the number of passes and punch speed on the YS is presented in Fig. 
6.2. From the plots, it is observed that for a punch speed of 3mm/min and single pass, the 
average YS is 160 MPa. While 2-pass processing at the same punch speed, the YS increased 
to 200 MPa. Additionally, increasing the punch speed at one-pass revealed insignificant 
influence on the YS (160MPa), as seen in Fig. 6.2 (b). Furthermore, the effect of the route type 
and punch speed on the YS is shown in Fig. 6.3. From the plots, it is observed that for a punch 
speed of 3mm/min and route A (coded as 1), the avg. YS is approx. 200 MPa. While processing 
via route C at the same punch speed, the avg. YS attained was slightly lower than that achieved 
via route A (182 MPa).  A similar trend occurred at higher punch speeds, where the avg. YS 
reported was the highest after 2-passes via route A. 
 
The final interaction between the number of passes and route type and their effect on 
the avg. YS is shown in Fig. 6.4. It’s clearly observed from the plots that both the contour and 
surface response exhibit a triangular plane instead of a rectangular plane. This is due to the 
constraint between factors B & C which restricted the ability to perform a single pass via route 
C and more than three passes (billet’s fractured by shear localization). Thus, the comparison 
was limited to the first and second passes.  
 
For a punch speed of 3mm/min and single pass, the average YS was 160 MPa. As 
demonstrated, route A processing one-pass yields an avg. YS of 170 MPa, while 2-passes 
produced 17.65 % increase in the avg. YS. Conversely, only 7 % increase in YS was achieved 
after 2-passes via route C. From the abovementioned results, there is clear evidence that among 
the three variables, route A yields higher YS compared to route C and that the punch speed had 
insignificant influence both with the variation of number of passes and route type. 
 
 
Fig.  6.2 Effect of Punch Speed & Route Type on YS (a) Contour Plot (b) Response Surface 
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Fig.  6.3 Effect of Punch Speed and No. of Passes on YS (a) Contour Plot (b) Response Surface. 
 
 
Fig.  6.4 Effect of Route Type and No. of Passes on YS (a) Contour Plot (b) Response Surface. 
Another criterion for evaluation is the UTS, and the impact of factors Punch Speed, No. 
of Passes and Route type on UTS, which are presented in Figs. 6.5 – 6.7.  The effect of the 
route type and punch speed on the UTS is shown in Fig. 6.5. From the plot, it is observed that 
for a punch speed of 3mm/min and route A (coded as 1), the avg. UTS is approx. 295 MPa. 
While if route C is performed, for the same punch speed, the avg. UTS attained is 8 % lower 
than that achieved via route A and is approx. 270 MPa.  Additionally, similar to observations 
made for the YS, the same trend holds at higher punch speeds, where the avg. UTS slightly 
increases to 300MPa, indicating the least significance of the punch speed on the avg. UTS. 
 
Similarly, the effect of the number of passes and punch speed on the UTS is presented 
in Fig. 6.6. It is observed that using a punch speed of 3mm/min and Single pass, the average 
UTS was 272 MPa. While after 2 passes, for the same punch speed, the UTS significantly 
increased to 294 MPa. Additionally, if a higher speed of 20 mm/min is applied, the average 
UTS slightly increased to 275MPa and 300MPa after 1 and 2-passes, respectively. 
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Furthermore, the effect of the number of passes and route type on the average UTS is 
illustrated in Fig. 6.7. The significance of route A over route C on improving strength is clearly 
highlighted where performing 2 passes of route C yielded an average UTS of 275 MPa, while 
2-passes of route A yielded a higher average UTS of 294MPa. Also, from Fig. 6.7 (a), it is 
shown that the UTS increased as a function of increasing the no. of passes which indicates a 
general direction of enhacement in the response, according to the method of steepest ascent 
(Montgomery, 2001). 
 
The results for the impact of the indicated factors on the overall UTS response is in 
good agreement with the analysis made for the YS, where it is evident that route A yielded 
slightly higher UTS enhacement and that the impact of punch speed was insignificant 
compared to the other two factors. 
Fig.  6.5 Effect of Punch Speed and Route Type on UTS a) Contour Plot (b) Response Surface . 
 
 
Fig.  6.6 Effect of Punch Speed and No. of Passes on UTS a) Contour Plot (b) Response Surface. 
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Fig.  6.7 Effect of Route Type and No. of Passes on UTS (a) Contour Plot (b) Response Surface. 
The final response to be investigated was the average micro-hardness variation. Similar 
to the analysis performed for the YS and UTS, the effect of each factor was investigated along 
and the graphs are demonstrated in Figs. 6.8-6.10. 
 
The effect of the route type and punch speed on the avg. Hv-values is shown in Fig. 
6.8. From the plots, it is observed that for a punch speed of 3mm/min and route A processing 
(coded as 1), the average hardness was approx. 107 Hv, which remains almost constant with 
increased punch speeds. Moreover, route C processing at a punch speed of 3 mm/min and 20 
mm/min, the average hardness reported were 103 Hv and 104.5 Hv, respectively.  The trend 
indicates enhanced strain hardening for route A associated with the least significance of the 
punch speed on the avg. hardness values. The effect of the number of passes and punch speed 
on the UTS is presented in Fig. 6.9. The number of passes to 2 at a 3mm/min punch speed, 
resulted in increasing the avg. hardness from 102Hv to 106Hv, respectively, while the increase 
of the punch speed up to 20mm/min led to the increase of hardness from 105Hv to 107Hv for 
the 1 and 2-passes, respectively. 
 
Moreover, more evidence on the effectiveness of route A over route C on the MCSTE 
performance and enhancement in hardness is reflected in Fig. 6.10, which presents the effect 
of the number of passes and route type on the average hardness values. Similar trends observed 
in the enhancement of YS and UTS, deformation via route A yielded an average hardness of 
106 Hv after 2-passes compared to only 103Hv via route C. Also, from Fig. 6.10 (a), it is shown 
that the hardness increased as a function of increasing the no. of passes. 
 
Finally, the hardness DoE results showed that the impact of the indicated factors on the 
overall hardness response is in good agreement with the analysis made for both the YS and 
UTS. This provides stronger evidence that route A yields slightly enhanced mechanical 
properties compared to route C and that the impact of punch speed is insignificant compared 
to the other two factors. Similar results for the effect of punch speed in TE deformation was 
reported in (Iqbal & Kumar, 2014; Bakhtiari, Karimi, & Rezazadeh, 2014). Also, the same 
analogy was found for ECAP processing. The application of Route’s A and C are specific to 
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ECAP processing; where route A yields higher strain hardening compared to Route C (Avvari 
et al., 2014). Moreover, it was anticipated in one of the studies that the billet rotations in TE 
has a minimal effect on the plastic flow of materials due to the axial symmetry of the process 
(Orlov, Beygelzimer, et al., 2009). To that end, based on the outcomes of the screening 
experiments, all further investigations on MCSTE processing were carried out using Route A 
at an intermediate punch speed of 10mm/min. 
 
 
Fig.  6.8 Effect of Punch Speed and Route Type on the average hardness a) Contour Plot (b) Response Surface. 
 
Fig.  6.9 Effect of Punch Speed and No. of passes on the average hardness a) Contour Plot (b) Response Surface. 
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Fig.  6.10 Effect of Route Type and No. of Passes on the average hardness (a) Contour Plot (b) Response Surface. 
6.2. FEM: Effective Stress and Strain 
6.2.1 Effective Stress and Strain of MCSTE (b 30o) using FEM 
Color contour maps showing the distribution of the effective strain throughout the cross 
section of the simulated AA1100 extrudates after 1, 2, 3, and 4 MCSTE passes are illustrated 
in Fig. 6.11. The distribution of the effective plastic strain was plotted against the diagonal 
distance of the transverse cross-section as a function of MCSTE passes as shown in Fig. 6.20. 
As seen in Fig. 6.11a and Fig. 6.12, the effective strain per pass of MCSTE (b 30o) is shown to 
be ~ 0.5. The effective strain progressively increases as a function of increasing the number of 
passes to reach eeff ~ 2 after 4-passes. From Fig. 6.11, it is observed that the maximum strain 
occurs along the partition lines between the successively aligned disks as a result of their 
relative motion, which led to a heterogeneous strain distribution as depicted in Fig. 6.11 (a-b).  
 
However, the strain distribution becomes more uniform and homogenous as the number 
of passes increased, as shown in Fig. 6.11 (c- d).  The simulated results also revealed a similar 
trend as that reported in the hardness contour maps. As illustrated in Fig. 6.11(a-d), despite the 
enhancement in homogeneity in strain distribution with multiple passes, the head section of the 
extrudates suffered from very low strain values compared to the lower ends.  
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Fig. 6. 11  Effective Plastic Strain of AA1100 post MCSTE (b (30o)) processing across the longitudinal cross-section of (a) 
1Pass (b) 2Pass (c) 3 Pass (d) 4Pass. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  6.12  Distribution of the effective plastic strain of AA1100 across the diagonal distance of the transverse cross-section 
for 1,2,3 and 4 MCSTE (b (30o)) passes. 
Furthermore, it is evident from Fig. 6.12, that the strain is highest at the corners of the 
transverse C.S. which is further supported the hardness distribution recorded in Fig. 6.19. 
Similar to the observations made across the transverse hardness contours, the anisotropy 
gradually decreased as the passes increased, where after performing the 2 passes the e was 1.3 
and 0.3 at the corner and center locations respectively. On the other hand, the fourth pass 
resulted in an increase of e (2.5 and 1.8 at the corner and center locations respectively). Further 
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FEM studies suggest that increasing the number of passes and the use of rectangular cross 
sections would result in more uniform distribution of strain across the deformed cross-sections 
(Beygelzimer et al., 2017). 
 
Moreover, the plot of the effective stresses (MPa) versus time (sec.) is demonstrated in 
Fig. 6.13 (a). The effective stresses of AA1100 are seen to follow the same trend revealed in 
Fig. 6.18 of the processing load. The first peak reached 80 MPa after conducting the 1st pass 
which was then followed by a minimum constant range (~ 60MPa) indicating that the assembly 
is within the twist zone and as the first disk enters the lower straight channel, the stress further 
increases to reach another peak (~100MPa). Moreover, the average effective stress induced 
during 1-pass of MCSTE of AA1100 was 53MPa, which was analogous to the yield stress of 
the alloy  (>= 20MPa ) (Aluminum 1100-O) which agrees with the experimental results 
reported in section 6.3. As the billet experienced more strain hardening, as a result of the strain 
accumulation achieved, as shown in Fig. 6.13 (b), more stresses were needed to extrude the 
disk-billet assembly through the three channels up to a maximum of 140MPa post 4-passes of 
MCSTE deformation of AA1100. However, it is worth noting that the effective stresses 
reported for conventional TE for pure aluminum were much higher, where an effective von-
mises stress of 259 and 445 MPa were reported for the 1 and 3-pass TE, respectively by Asghar, 
Mousavi, & Bahadori (2011). This indicates that the stresses associated with MCSTE 
processing are lower than that of conventional TE, which ia indicative of the validation of the 
process intensity of deformation yet at a relatively low processing stress associated with the 
billet-disk assembly novel design. This in addition would reflect on increasing the lifetime of 
the processing die compared to conventional TE.  
 
Fig.  6.13 (a) Effective stresses of AA1100 versus time for 1,2,3, and 4-passes of MCSTE (b (30o)); (b) Effective Plastic strain 
of AA1100 versus time for 1,2,3, &4-passes of MCSTE (b (30o)). 
Finally, from the aforementioned findings, it could be inferred that the effective strain 
follows the equations of max. and min. effective strain (2.9), for a typical TE die with a low 
twist angle (b 30o). Similar to TE, it follows that using a MCSTE die with higher twist angles 
and increasing the number of passes result in corresponding increases in the εRS and εu	 (as 
revealed in fig. 6.13 (b)). 
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6.2.2 Influence of Alloy Type: AA1100 and AA5083 
To investigate the influence of the MCSTE billet material on the effective stresses and 
strains induced during deformation, comparison between AA1100 and AA5083 is presented in 
this section. Fig. 6.14 illustrates the effective plastic strain of a single pass of MCSTE 
conducted on AA5083 versus time, the corresponding colored contour maps are presented to 
reflect the distribution and accumulation of strain as a function of increasing the number of 
passes to 3. The simulated effective strain per pass was approx. 0.5, which is similar to that 
attained from the simulation of AA1100. Fig. 6.14 reveal that the magnitude and trend in strain 
increase during the deformation of AA5083 is analogous to that recorded for AA1100, 
illustrated in Fig. 6.13b. It is evident that the magnitude of effective strain is independent of 
the material which is a consistent with simulation findings of processing different material 
using conventional TE (Kumar & Iqbal, 2013; Iqbal et al.,2016). Similar results were also 
reported from FE simulations of ECAP processing (Li et al., 2004) and TE (Faregh & Hassani, 
2018). Additionally, the effective stress variation for AA5083 versus time for 1, 2, and 3-passes 
is shown in Fig. 6.15. It is observed that the effective stresses displayed were much higher than 
those simulated for the deformation of AA1100 (Fig. 6.13a). The stresses associated with the 
deformation of AA5083 increased from an average of 400 MPa during the first pass to 
approximately 750MPa during the third pass, while it increased from an average of 53 MPa to 
122 MPa for the AA1100 billets. It is suggested that strain hardening saturation occurred after 
the 3-passes, the deformed billet experienced shear localization and fracture during the 4- pass. 
It is worth noting that displayed effective stress- values for AA1100 and AA5083, being higher 
for AA5083, is indicative of the validity of MCSTE processing billet-disk assembly design.   
 
Fig.  6.14 Effective Plastic Strain for AA5083 as a function of MCSTE passes versus time plot of a corner element across the 
longitudinal cross-section and the corresponding colored contour maps for 1-pass and 4-passes. 
 
Fig.  6.15  Effective stress of AA5083 versus time for 1,2, and 3-passes. 
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6.2.3 Influence of MCSTE Twisting Angle b : 30o and 40o 
 
Finite element simulations were conducted to elucidate the role of the twist angle in the 
deformation of MCSTE. Color Contour maps showing the distribution of the effective strain 
throughout the cross section of the simulated extrudates after 1, 2, 3, and 4 MCSTE passes are 
illustrated in Fig. 6.16. For purposes of comparison, Fig. 6.17 provides a plot of the effective 
plastic strain per pass post processing via MCSTE (b (40o)) and (b (30o)) for AA1100. As 
observed from Fig. 6.17, the effective strain per pass of MCSTE (b (40o)) is shown to be eo ~ 
0.9. As demonstrated, the FEM results reveal that the imposed strain is nearly doubled after 
processing with a higher twist angle, even though the deformation configuration is similar to 
that achieved with a lower twist angle. Moreover, the effective strain gradually increased with 
increasing the number of passes to reach e~ 3.2) after 4-passes. Additionally, the simulated 
increase in the effective plastic strain via MCSTE (b (40o)) approaches that attained post 
processing via typical TE dies with (b (60o)) of 1.2 (Berta, Orlov, & Prangnell, 2007). 
Furthermore, it is worth noting that the simulated effective strain follows the expected 
proportional increase with the number of passes (e ~ N eo) indicating the effectiveness of 
MCSTE as a novel SPD technique (Latypov et al., 2013). 
 
 
Fig.  6.16 Effective Plastic Strain of AA1100 Post MCSTE b (40o) Processing across the longitudinal cross-section of (a) 1-
Pass (b) 2-Pass (c) 3-Pass and (d) 4-Pass. 
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Fig.  6.17 Effective Plastic Strain of AA1100 per pass versus time for MCSTE (b (40o)) compared to MCSTE (b (30o)). 
6.3. PROCESSING USING MCSTE with (b) 30O 
This section aims to present the experimental characterization of the mechanical and structural 
evolution of non-heat treatable AA1100 and strain hardenable AA5083 post processing via 
MCSTE (b) 30O. The evaluation is made based on the following investigations: (i) Processing 
loads, (ii) Microhardness variation, (iii) Tensile behavior, and (iv)Fracture analysis, as well as 
(v) microstructural evolution as a function of number of passes. 
6.3.1 Effect on Mechanical Properties of AA1100 
i. Processing Loads 
Fig. 6.18 shows the experimentally manually recorded loads applied during the 
deformation of AA1100 during 1, 2, 3 and 4-pass of MCSTE via Route A using the Schenk 
universal testing machine. Due to the MCSTE the transition of the billet through the 3-channels 
of the MCSTE die, load rises to a peak value and then falls to a minimum (trough) value. During 
each stage of processing, the deformation load displayed sharp increase during the transition from 
the inlet channel-to-the twist channel then was followed by a trough and second peak at the 
transition from the twist to exit channels. Similar to the events occurring in conventional TE 
processing, the first sharp increase was mainly associated with the gradual increase in the 
deformation force required for the disks to pass through the twist channel (Latypov, Beygelzimer, 
&Kim, 2013). As the disk-billet assembly advances through the deformation channel, the forces 
slightly decreased. The second peak is associated with the deformation force required for the disks 
to exit the twist zone into the lower straight channel (Fig. 5.1). 
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Fig.  6.18 Processing Load recorded for four passes of AA1100 via MCSTE using the die with twist angle b (30o). 
Moreover, the deformation force has increased after subsequent passes. As shown in Fig. 
6.18 the maximum values of the force required to deform the billet progressively increased from 
2.7kN during the first pass to 3.8kN in the fourth pass. This suggests the strengthening of the billets 
as a function of increasing the number of passes and hence, the greater force required to deform 
the billets.  Also, as demonstrated, it is clear that the force required to carry out the process was 
low; in the range from 2~ 4 kN. Thus, MCSTE processing requires less load to deform AA1100 
compared to other SPD including conventional TE, which requires higher deformation loads in the 
range from 12kN (Pardis & Ebrahimi, 2009) to 130 kN (Bakhtiar, Karimi, &Rezazadeh, 2014). 
Accordingly, the MCSTE disc-billet assembly provided an advantage over conventional TE and 
other SPD techniques due to the  67% reduction in loads associated with the processing, which 
might be attractive for industrialization of the process. 
  
ii. Microhardness  
Table 6.1 Mechanical Properties of the AA1100 processed via MCSTE (b (30o)) 
compared to the AR Plates and lists the average Vickers microhardness (Hv) values measured 
at the peripheral and central regions of the AA1100 AR plate and post MCSTE processing via 
1, 2, and 4-passes. The hardness of the AR plate was uniformly distributed along the 
investigated cross-section with an average value of 30 Hv. As listed in Table 6.1, hardness 
increased with the number of MCSTE passes which could be attributed to the strain hardening 
effect and the resultant increase in dislocation density (Kalahroudi et al., 2016).  A Single 
MCSTE pass with an effective strain equivalent to 0.5 resulted in 57 % increase in the Hv 
values at the billet peripheral regions, while increasing the processing by to 2 and 4-passes 
resulted in a significant increase of 63.3 and 76.6 %, respectively, compared to the AR plate. 
Moreover, the billets’ central regions displayed 43.3, 56.7, and 70 % increases in the Hv value 
for the billets processed via 1, 2, and 4-passes, respectively, compared to the AR plate. The 
reported higher Hv values at the peripheral regions compared to the central ones is mainly 
associated to the induced high friction at the processing disk-billet interface, which increased 
the strain hardening effect at the peripheries compared to the center (Irania & Joun, 2017). This 
can be clearly observed on the surfaces of the deformed billets as shown in Fig. 4.3, which, 
also, corresponds with the strain distribution contours in Fig. 6.12 where the strain ranges from 
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2.5 to 1.8 at the peripheral and central regions of the 4th pass extrudate, respectively. 
 
Furthermore, 6.19 displays the hardness contours and Hv values recorded along the 
longitudinal cross-section of the billets versus the distance from each billet’s central to 
peripheral regions. Similarly, Fig. 6.19 displays the HV values recorded along the transverse 
cross sections of the processed billet as shown in Fig. 6.19. 
 
Table 6.1 Mechanical Properties of the AA1100 processed via MCSTE (b (30o)) compared to the AR Plates 
Processing 
Condition 
Hv Values 
YS (MPa) UTS (MPa) 
Elongation 
(%) Center Periphery 
AR 30 ± 2 30 ± 2 55 ± 1 74 ± 1 24 ± 1 
1-Pass 43 ± 3.5 47 ± 1.75 60 ± 1 90 ± 1 23 ± 0.5 
2-Pass 47 ± 3 49 ± 3.5 80 ± 2 98 ± 2 23 ± 1 
4-Pass 50 ± 1 53 ± 1.5 98 ± 1 104 ± 1 22 ± 1 
 
From Fig. 6.19 (a-c), the hardness contours reveal increasing uniformity in properties 
with increasing number of passes from 1 to 4, respectively. One MCSTE pass (Fig. 6.19 (a)) 
produced the lowest Hv values at the upper ends of the billet compared to the lower ends, which 
was a consistent observation for the billets processed via 2 and 4-passes. This could be 
explained by the back-pressure applied, which resulted in higher Hv values at the bottom 
section. It is possible that the billets were subjected to two types of resistance forces while 
passing through the MCSTE channels, the first generated at the transition from the inlet channel 
to the twist channel or in other words the stresses created during deformation, and the second 
could be generated by the backpressure springs. The former was repeated as the bottom disk is 
forced to pass through the successive stages of the twist channel until it passes through the exit 
channel. In this case, the billet was subjected to an equivalent amount of strain throughout the 
twist channel. Meanwhile, the bottom part of the billet, i.e., the lower disc, encounters a higher 
resistance to motion as a result of the backpressure springs. Thus, the lower discs would be 
forced to move forward to enter the exit channel while encountering the backpressure caused 
by the springs. Since the imposed backpressure was relatively low, approximately 5 MPa, the 
induced strain hardening possibly had a short-range effect and only influence the lower part of 
the billet. Similar findings were reported for deforming pure Al via conventional TE (Mousavi 
& Bahadori, 2011). The authors explained that during subsequent passes, the residual stresses 
at the lower ends of the billet act as backpressure which increases the von mises stresses at the 
billets end regions in contrast to the upper regions. Furthermore, higher Hv values were 
displayed (Fig. 6.19 (a)) at the peripheries of the billets’ bottom surface, which decreased both 
towards the center and towards the top section. The variation ranged from 36 at the top central 
section to 48 at the bottom peripheral end. Two passes (Fig. 6.19 (b)) increased the relative 
uniformity of the hardness from the peripheries to the center of the billet along the longitudinal 
cross-section compared to the first pass (Fig. 6.19a), where the Hv-values ranged between 46 
at the center and 50 at the peripheries. On the other hand, billets processed up to 4 passes 
displayed Hv-values ranging between 50 at the top central part end and 53 at the bottom 
peripheral end (Fig. 6.19 (c)). This is indicative of increased uniformity of the deformation 
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across the billet cross-section as the number of passes increases. Moreover, the improved 
isotropy of properties is analogous with enhancement in strain distribution illustrated by the 
simulated strain contours in Fig. 6.11 (a-d).  
 
Moreover, as shown in Fig. 6.20, strain hardening of a single pass resulted in 46.6 and 
72.6% increases in the Hv values at the central and peripheral regions, respectively, compared 
to the AR condition. Despite the heterogeneity, the % increase indicates a significant degree of 
hardening across the cross-section of the billet, as shown in Fig. 6.20 (a). Subsequent passes, 
then, resulted in increases in both the homogeneity and strain hardening of AA1100. The 
hardness homogeneity across the billet cross-section increased with the number of passes as 
shown in Fig. 6.20 (b and c) respectively. This was associated with an obvious increase in Hv 
values by 72%, and 97.3% at the central and peripheral regions, respectively, compared to the 
AR condition. This is consistent with the FE effective strain distribution across the transverse 
cross-section presented in Fig. 6.12 which indicates improved homogeneity of strain as a 
function of the number of passes. In the first pass, the strain at the corners was 0.5 and 0 at the 
center, where after 4-passes, the strain increased to reach 2.5 at corner regions and close to 2 
at the center. 
 
The observed increase in hardness at the peripheries compared to that at the central 
regions is attributed to the nature of the torsional extrusion process. The higher strain imposed 
at the peripheral regions and lower strain at the billet’s center depend on the billets’ cross-
section; the larger the cross-section, the higher the degree of strain inhomogeneity (Kalahroudi 
et al., 2016). Based on the MCSTE die design (Fig.3.2 (b)), the billet is housed within a number 
of stacked discs; hence, the billet encountered variable strain distribution at the disks-billet 
interface. The maximum strain occurred at the partition lines between the successively aligned 
disks as a result of to their relative motion, compared to the disk-billet contact surfaces as 
depicted in the FEM simulations (Fig. 6.11). This phenomenon led to a relatively higher strain 
hardening at the peripheral regions compared to that experienced at the central regions (Orlov 
et al., 2009) as well as lower hardness values at the vicinity between the partition lines between 
the disks as seen in Fig, 6.19 (b).  Zendehdel and Hassani (2012) explained that the low Hv 
values at the central regions of billets processed at low strains are due to the insufficient strain 
experienced in these regions which resulted in an inadequate increase in the amount of 
dislocations generated. Moreover, despite the heterogeneous deformation across the billets’ 
cross-section, the intensity of the hardness variation tends to decrease with multiple MCSTE 
passes. As indicated in Table 6.1 and fig. 6.19 c, processing via 4-passes resulted in an 
enhancement of the deformation homogeneity both along the longitudinal and transverse cross 
sections. The isotropy in hardness distribution can be attributed to the higher strains achieved 
by processing multiple passes, which led to the stabilization of the billet internal structure. The 
shear stress associated with TE was transferred to the adjacent areas from the periphery to the 
center after the strain reached the saturation zone threshold (Bahadori, Mousavi, & Shahab, 
2011). The produced results for hardness were in good agreement with the findings of 
(Bahadori, Mousavi, & Shahab, 2011) and (Orlov et al, 2009), who reported a similar increase 
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in Hv values after 3-passes of TE of the same grade of aluminum alloy. 
 
Fig.  6.19 Color-coded contour for the microhardness values recorded on the longitudinal planes of the AA1100 billets 
processed via MCSTE (b (30o)) route A: (a) 1-pass, (b) 2-passes, and (c) 4-passes. 
 
 
Fig.  6.20 Color-coded contour for the microhardness values recorded on the transverse planes of the AA1100 billets processed 
via MCSTE (b (30o)) route A: (a) 1-pass, (b) 2-passes, and (c) 4-passes. 
iii. Tensile Behavior 
The engineering stress-strain (σ-ε) curves for the as-received condition, as well as the 
processed billets after 1, 2 and 4-passes via MCSTE, are shown in Fig. 6.21. Table 6.1 lists the 
variation in yield, ultimate tensile strength and elongation % as a function of increasing number 
of passes compared to the AR condition. The σ-ε curves revealed that imposing intense SPD, 
via the novel MCSTE process, resulted in a work-hardened material with enhanced yield and 
ultimate tensile strengths. This increase could be attributed to the multiplication of dislocations 
as a result of cold working and their interaction together. As illustrated, an increasing trend in 
the tensile properties was achieved with increasing number of passes. From Table 6.1 , it is 
clear that an increase of 9% and 22% was achieved in the YS and UTS, respectively, after 1 
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pass, and increasing the number of passes up to 4-passes ensued a significant increase of 78% 
and 41% in YS and UTS, respectively, compared to the AR condition. 
 
On the other hand, a gradual decrease in the incremental rate of strengthening occurred 
as a function of increasing number of passes, where the increase in the UTS after 4 passes 
relative to that after 1 and 2-passes was 15 and 6%, respectively. Such behavior could be 
attributed to strain saturation, which is common for the 1xxx series aluminum alloys. After 
reaching a certain limit, minor effects on tensile properties could be achieved (Ebrahimi, 
Gholipour, & Djavanroodi, 2016). Similar findings were reported in (Orlov et al., 2012). The 
observed increase in UTS coupled with increasing the number of passes influenced the uniform 
and non-uniform strain compared to the AR condition. This could be attributed to the 
accumulation of strain after each pass, which resulted in increasing YS and UTS by strain 
hardening. Additionally, the increased strength with increasing number of MCSTE passes was 
associated with an obvious retention of ductility, as depicted in Fig. 6.21. One MCSTE pass 
had an insignificant influence on the uniform and non-uniform strain compared to the AR. 
However, increasing the number of passes to 4 resulted in decreasing the uniform strain region 
while retaining the non-uniform elongation percent (strain). This agrees with the Hv values 
measured both on the longitudinal (Fig. 6.19) and transverse cross-sections (Fig. 6.20). This 
phenomenon could be related to the dynamic recovery in pure aluminum, which results in 
dislocation annihilation and absorption at the boundaries of the ultrafine grains (Li et al., 2004). 
This led to an increase in the ability of the material to accommodate additional deformation 
without a significant reduction in ductility (Kalahroudi et al., 2016). 
 
The enhancement in the mechanical properties achieved post MCSTE processing is 
higher than that achieved for AA1100 processed by other SPD techniques. A study by B. 
Leszcztnska-Madej et. al. supports this claim, where an 80% increase in hardness was reported 
for pure aluminum after 16 ECAP passes compared to the 70% increase achieved after only 4- 
passes of MCSTE processing (2015). Furthermore, a 40% increase in YS of AA1100 processed 
with 8-passes of ECAP at room temperature was reported by (Wei et al., 2004), which was 
accompanied by a 62% reduction in ductility Conversely, processing 4 -passes via MCSTE 
increased YS by 78% and decreased ductility only by 2%. Accordingly, the displayed results 
are indicative of the ability of the MCSTE process as an SPD technique that could effectively 
produce strong/tough metals and alloys. 
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Fig.  6.21 Eng. s-e diagram for AA1100 billets processed by MCSTE (b (30o)) 1, 2, and 4-passes of MCSTE compared to the 
AR plates. 
 
iv. Fracture Behavior 
Fig. 6.22 shows the spectrum of the chemical composition of the clustered inclusions 
as inspected by EDX spectroscopy and compared to regions free of clusters.  Fig.  6.23 
illustrates the SEM fractographs of tensile tested specimens post MCSTE processing for 
multiple passes. The fracture surface examined for the MCSTE samples with and without 
processing at low magnification revealed a ductile failure mode manifested by the formation 
of dimples indicative of void sheet mechanism of transgranular failure. Fig. 6.23 (a-b) show 
that failure occurred by microvoids nucleation and coalescence at clustered inclusions in the 
AR alloy (Qarni et al., 2017). The inclusions, as outlined in Fig. 6.22, are mainly comprised of 
Fe, and Ca, which agrees with the chemical composition analyzed. Fe is the most common 
impurity present in 1xxx series aluminum alloys for their ability to add strength. The presence 
of small amounts of Ca in Al and Al alloys has several beneficial applications as discussed in 
(Kumari, Pillai, & Pai, 2005). The authors explains that Ca has very low solubility in aluminum 
and forms the intermetallic compound CaAl4. Also, Ca combines with Si to form CaSi2, which 
has the advantage of increasing the conductivity of commercial grade Al Alloys (Kumari, 
Pillai, & Pai, 2005). Additionally, Ca is known to impart superplastic properties as well as 
increase fracture toughness properties of Al alloys (Davis, 2001). 
 
The AR fracture surfaces (Fig. 6.23 (a-b)) show the formation of equiaxed dimples 
indicative of uniaxial stress state transformed into triaxial state of stress at the necked region. 
The formed dimples show high degree of non-uniformity in size, which could be attributed to 
the heterogenous distribution of the clustered inclusions that has originally influenced the 
microvoid nucleation sites and growth. On the other hand, processing one-passes via MCSTE 
resulted in the formation of couplets slightly oriented in the direction of shear induced by the 
MCSTE processing; as shown in Fig. 6.23 (c, d).  Increasing the number of passes up to 2 and 
4 via MCSTE resulted in increasing the inclination of the couplets in the direction of shear and 
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decreased their depth as depicted in Fig. 6.23 (c, d) and (e, f), respectively. The blue arrows in 
Fig. 6.23 (c, e, and g) represent the direction of shear associated with the micro void growth, 
coalescence and separation for the samples MSCTE 1, 2 and 4-passes, respectively. 
 
Moreover, after two MCSTE passes, the volume fraction of coarse and deep couplets 
decreased as shown in Fig. 6.23 (e). Similar behavior occurred post 4-passes, where finer 
couplets were formed with increased shallowness compared to the 2-pass fractured surfaces 
(Fig. 6.23 (g)). Higher magnification imaging revealed the formation of helical inner walls of 
the dimples and couplets, which represents the influence of twist extrusion as pointed at by 
white arrow shown in Fig. 6.23 (f).  Similar findings were reported on AA1050 alloy processed 
via TE (Eivani et al., 2017). Fig. 6.23 (h) shows evidence for the crack opening post void 
coalescence in the direction of shear (pointed at by a white circle). Furthermore, the analogy 
between grain refinement and size and distribution of dimples as a function of amount of 
deformation has been presented in several studies (Wang et al., 2008; Qarni et al., 2017). 
Soliman, El-Danaf, & AlMajid (2012), elucidated that as a result of strain hardening, the 
ductility of the material is reduced which limits the degree of the microvoid edge stretching 
prior to fracture within the necked region which results in shallower couplets associated with 
shear stresses (Eivani et al., 2017). 
 
 
Fig.  6.22 Fractographs of AR AA1100 tensile tested specimens of EDX analysis. Red arrows represent the spectrum location. 
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Fig.  6.23  SEM Images of the AA1100 fractured tensile specimens illustrating the fracture topography of the (a-b) AR, and 
the MCSTE (b (30o)) extrudates (c-d) 1Pass (e-f) 2Pass and (g-h) 4Pass at low and high magnifications, respectively. Blue 
arrows represent the shear direction, white arrows points at a magnified image of the location selected and the white circle 
points at the crack opening via void sheet mechanism. 
b) a) 
c) d) 
e) f) 
g) h) 
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6.3.2. Effect on Microstructural Evolution of AA1100 
To investigate the deformation capability of the MCSTE process, a comprehensive 
study was conducted to investigate the influence of multiple passes on the microstructural 
evolution and homogeneity of the processed alloy. From the displayed hardness contours (Fig. 
6.19 and fig. 6.20), the intensity of deformation was higher at the disk-billet interfaces 
(peripheral regions) compared to the central regions, which has been outlined by the FE 
contours of the strain across the longitudinal cross-section. The AR, 1-pass, 2-pass and 4-pass 
billet microstructures were assessed using OM.  
 
Fig. 6.25 demonstrate the microstructure at the central and peripheral regions for the 
MCSTE billets processed with 1, 2, and 4-passes compared to the AR plate, respectively. The 
AR plates’ microstructure revealed relatively uniform coarse grains with an average size of 
111 µm both at the peripheries (Fig. 6.25 a) and at the center (Fig. 6.25 b), which agrees with 
the measured low Hv values and tensile properties. Moreover, Table 6.2 lists the grain size 
variation for the samples after 1, 2, and 4-passes, measured both at the center and peripheries 
of the MCSTE extrudates. Increasing the number of MCSTE passes resulted in significant grain 
refinement at the peripheries (Fig. 6.25 e-g) and at the center (Fig. 6.25 f-h) for the billets 
processed with 2 and 4-passes, respectively. From the displayed results, the grain size of the 
AA1100 AR plates at the central regions was refined by 21, 29 and 68% after 1, 2, and 4-
passes, respectively. The average grain size at the center of the billet tends to be coarser 
compared to that at the peripheries, which agrees with the displayed hardness contours. The 
grain size at the peripheries of the billets was refined by 36, 38.7 and 72%, for the billets 
processed with 1, 2 and 4-passes, respectively. Subsequently, this suggests that significant 
grain refinement was attained, which is clearly manifested at the peripheries compared to the 
center of the MCSTE billets, as revealed in Fig. 6.18 and corresponds to the strain accumulation 
and variation outlined in section 6.2.1.  After 1 pass of MCSTE (b 30o), the microstructure was 
considerably refined but with a high degree of inhomogeneity due to the strain gradient 
imposed by the MCSTE. This is also revealed by the measured Hv values in Table 6.1. The 
average grain size was reduced by 36% after the first pass reaching 70 µm in the peripheral 
region, while 21% refinement was measured at the center reaching 88 µm, as listed in Table 
6.2. The grain refinement at the peripheries compared to central regions after 1 pass, could be 
attributed to the imposed high friction forces induced at the disk-billet interface, which imposed 
higher shear stresses on the surface of the extrudates. The shear strain within the twist channel 
decreased from the peripheries to the center leading to a gradual decrease in grain refinement 
across the billet’s cross-section (Noor et al., 2016). On the other hand, augmenting the intensity 
of plastic straining through MCSTE up to 4-passes led to significant grain refinements of 68 
and 72% at the center compared to the peripheries, respectively. Consequently, increasing the 
number of passes resulted in enhancing the structural uniformity across the billets’ cross-
section, as shown in Fig. 6.25 (g-h) and Table 6.2. 
 
In torsional strain, plastic shear gradients could result from the geometry of torsional 
deformation as radial augmentation of strain from the center to the periphery across the 
samples’ cross-section occurs (Berta, Orlov, & Prangnell, 2007). In addition, the enhanced 
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structural uniformity resulted in the corresponding uniformity in hardness distribution after 4- 
passes of MCSTE. Horita et. al. proposed that the dislocation density proliferates as a function 
of severe deformation, forming sub-boundaries that hinder the dislocations movement at early 
stages of straining (2000). Multiple-pass processing further accumulates strain and dislocations 
substructure resulting in an increase in grain misorientation and cDRX that leads to finer grains 
of equiaxed microstructure with HAGBs (Beygelzimer et al., 2009). As verified in the OM 
micrographs, the deformation occurs heterogeneously at the initial stages of the MCSTE 
processing. The inhomogeneity in strain distribution led to a non-uniform microstructure and 
grain refinement after the first 2-passes of MCSTE processing (Fig. 6.25 (c-d) and (e-f), 
respectively). 
 
It is suggested that the decrease in heterogeneity of property distribution with the 
successive passes is attributed to the high intensity of stresses in the peripheral regions that 
oppose the new external stresses produced during TE processing. As a result, the stresses in 
these regions decrease. Conversely, in the central regions, the opposite is true, where the 
internal stress remaining from the first TE pass is lower than those at the corners, causing less 
decrease in the new external stresses during the successive TE passes (Loucif et al., 2012). 
Consequently, a homogenous distribution of strain across the microstructure prevails as 
depicted in Fig. 6.25 (g-h) and is anagolous with Fig. 6.12 (d) that reveals a  more uniform 
distribution of strain across the 4-passes extrudate as simulated by the FE model. 
 
Additionally, it is suggested that the intense plastic deformation induced within the 
twist and the exit channels could be responsible for the formation of dislocation cells/subgrains 
near the peripheries of the extruded billets (Zendehdel and Hassani, 2012). Furthermore, the 
grains at the peripheries of the processed billets were elongated in the direction of shear. The 
material flow pattern at the peripheries of the first pass extrudate along the longitudinal 
direction (flow direction) is shown in Fig. 6.24, where the shear flow is indicated by the arrow. 
It is evident that the enhancement in strength and hardness of the MCSTE processed billets 
could be attributed to the development of the homogeneous refined structure. According to the 
Hall-Petch law, the substantial grain refinement associated with SPD explains the increase in 
the hardness and strength of AA1100 billets, as shown in Table 6.2 .The finer the grain size is, 
the higher the surface area of boundaries necessary for impeding the motion of dislocations 
(Ensafi, Faraji, &Abdolvand, 2017).It follows that the ultrafine substructure might have 
eveloped within the as-cast sheared grains, which could be in the form of dislocation cells or 
subgrains depending on the misorientation angles (Loucif et al., 2012). 
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Fig.  6.24 OM micrograph of AA1100 after 1pass at the peripheries (White arrow represents the shear flow pattern). 
 
 
Fig. 6.25 OM micrographs of AA1100 at peripheral and central regions of the longitudinal cross-section for (a-b) AR (c-d) 1-
Pass (e-f) 2-Pass and (g-h) 4-Pass, respectively. 
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Table 6.2  Average Grain Size measured at the central and peripheral regions of AA1100 MCSTE (b (30o)) extrudates 
compared to the AR Plates. 
Location 
Mean Grain Size (µm) 
AR 1-Pass 2-Pass 4-Pass 
Center 111 88±3.5 84±2.5 35±1.5 
Periphery 111 70±2 68 ± 3.5 31±1 
 
6.3.3 Effect on Mechanical Properties of AA5083 
i. Processing loads 
Fig. 6.26 shows the experimentally manually recorded loads applied during the 
deformation of AA5083 during 1, 2, and 3-pass of MCSTE via Route A using the Schenk 
universal testing machine. As was mentioned earlier in section – 5.1, the AR plate of AA 5083 
was annealed at 673 K for 1-hr, hence in this section as-annealed condition, will be referred to 
as AA.  Moreover, the AA deformation via MCSTE was limited to 3-passes due to the fact that 
the billets suffered from shear localization on the 4th pass, compared to 4-passes for the 
AA1100 alloy. Similar to Fig. 6.11, the vertical axis of the graphs represents force in kN and 
horizontal axis represents the corresponding number of pass. 
 
 
Fig.  6.26 Processing load recorded for three passes of AA5083 via MCSTE using the die with twist angle b (30o). 
The deformation force increased as a function of increasing the number passes as shown in 
Fig.  6.18 , where the maximum value of force required to deform the billet, gradually increased 
from 5 kN during the first pass to 6.2 kN in the third pass. This suggests the strengthening of the 
billets as a function of increasing the number of passes. Compared to the loads needed to deform 
AA1100 (Fig. 6.18), the force required to carry out the process to deform AA5083 using the same 
die angle was nearly doubled. This is attributed to the alloying the ability of AA5083 for higher 
strain hardening associated with the solid solution strengthening and secondary phases compared 
to a relatively pure AA1100 alloy (Hatch, 1984). Additionally, the FE model indicated that the 
effective stresses were doubled as seen in Fig. 6.15, compared to the effective stresses simulated 
for AA1100 (Fig. 6.13 (a)).  Thus, more deformation force was needed to deform higher strength 
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material, where the average processing load during the first pass was 1.8 and 3.8kN for AA1100 
and AA5083, respectively, while the effective strain induced is independent of the materials 
strength; as discussed in sec. 6.2.2. Similar increase in processing loads of TE while deforming 
different Al alloys was reported in (Iqbal & Kumar, 2013).  
 
ii. Microhardness 
Table 6.3 refers to the Table 6.1 Mechanical Properties of the AA1100 processed via 
MCSTE (b (30o)) compared to the AR Plates and lists the average Vickers microhardness (Hv) 
measured at the peripheral and central regions of the AA5083 AA-plate before and after 
processing via MCSTE 1, 2, and 3-passes. The average hardness for the AA-plate was 80 Hv. 
Similar to observations made for AA1100, the hardness increased consistently with the number 
of passes. The hardness increased gradually in the first two passes, where a 28% and 35 % 
increase in the average Hv values were recorded after the 1 and 2-passes, respectively, 
compared to that of the AA condition.  A significant increase occurred for the billets processed 
3-passes, where the average hardness increased by 58% relative to the AR plate. 
 
As illustrated in Fig. 6.27 (a), the contour hardness profile across the longitudinal cross-
section of the 1-pass extrudate revealed the least homogeneity in hardness distribution 
compared to the 1 and 2-passes; Fig. 6.27 (b-c), respectively.  As reported in Table 6.3, 
processing via 1-pass revealed a 25 and 31% increase in the Hv values at the central and 
peripheral regions, respectively, compared to the AA- plate, while the heterogeneity decreased 
significantly after the 3-pass (Fig. 6.27 (c)). This was associated with a sharp increase in Hv 
values by 56 %, and 58 % at the central and peripheral regions, respectively, compared to the 
AA condition. These hardness results are consistent with the findings of Kumar & Iqbal (2013) 
who reported a similar increase in Hv values after 3-passes of TE for AA6061.  Moreover, Fig. 
6.27 revealed a similar trend to that depicted in Fig. 6.19 for AA1100, where the hardness 
values are highest at the bottom of the billet compared to the top ends.  
 
The hardness contour maps for the transverse cross-section presented in Fig. 6.28 
revealed that the strain hardening exhibited was highest at the corner and peripheral regions 
and decreased towards the central regions. Similarly, the contours revealed clearly the 
formation of a vortex flow associated with the material twisting within the twist extrusion 
channel, which agrees with the findings of Beygelzimer, Kulagin, &Deavydenko, et al., 2016.  
Moreover, the enhanced hardness homogeneity corresponded to the distribution of the effective 
strain depicted in Fig. 6.14.  
 
Table 6. 3 Mechanical properties of AA5083 processed via MCSTE (b (30o)) compared to the AR Plates. 
Processing Condition 
Hv Values 
YS (MPa) UTS (MPa) Elongation (%) Center Periphery 
As-annealed (AA) 80±2 80±2 90±2 230±1 25±0.5 
1-Pass 99.6±2 104.7±4 190±1 250±1 19.8±0.25 
2-Pass 110.6±5 106±4.5 200±1 266±3 20±2 
3-Pass 125±3 127±3 215±2 300±2 19±1.5 
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Fig. 6.27 Color-coded contour for the microhardness values recorded on the longitudinal planes of the AA5083 billets 
processed via MCSTE (b (30o)) route A (a) 1-pass, (b) 2-passes, and (c) 3-passes. 
 
Fig.  6.28 Color-coded contour for the microhardness values recorded on the transverse planes of the AA5083 billets processed 
via MCSTE (b (30o)) route A (a) 1-pass, (b) 2-passes, and (c) 3-passes. 
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iii. Tensile Behavior 
The engineering stress-strain (σ-ε) curves for the AA-plates, as well as the processed 
billets after 1, 2 and 3-passes via MCSTE, are shown in Fig. 6.29. Table 6.3 lists the variation 
in yield, ultimate tensile strength and elongation % as a function of increasing number of passes 
compared to the AA-condition. As shown in Fig. 6.29, the σ-ε curves revealed an irregular flow 
manifested in a continuous serrated pattern, which is commonly associated with the portevin- 
Le Chatelier (PLC) effect (Hu et al., 2011). The PLC phenomenon is a typical behavior of A-
Mg alloys, which occurs as a result of the dynamic interaction between the diffusing solutes 
/precipitates and pinning of mobile dislocations (Dierke et al., 2007). Under specific strain rate 
and temperature conditions, the solute atoms agglomerate by diffusion to form solute clouds 
that effectively impede dislocation motion. On the other hand, the unpinning of dislocations 
under applied stress, may cause a drop in the stress values and hence, the serrated pattern 
represents the continuous pinning and unpinning processes between the mobile dislocations 
and solute atoms (Hu et al.,2011).  
 
Moreover, the σ-ε curves revealed that deforming AA5083 via MCSTE resulted in a 
significant strain hardening of the AA-plates, where a significant increase in the yield strength 
was achieved post 1-pass processing via MCSTE. From Table 6.3, it is clear that a two-fold 
increase in the YS was achieved after the 1st pass, compared to the AA condition. This is in 
good agreement with the findings of Orlov et al., 2009; Mousavi, Bahadori, & Shahab (2010). 
Moreover, increasing the number of passes up to 3-passes ensued a further 38% increase in the 
YS, compared to the first pass. The enhancement in the yield strength of AA5083 achieved 
post MCSTE processing was comparable to those attained for similar high strength aluminum 
alloys processed by TE. A study by Iqbal et al. (2016), reported a significant increase in the 
YS of AA6061-T6 from 60 to 150 MPa after 3 TE passes. This yielded a 150% increase in the 
materials yield strength compared to 140% increase achieved via MCSTE post processing 
AA5083. 
 
On the other hand, the trend of UTS increase was different than that for the YS. The 
incremental increase in the UTS was slightly lower compared to the increase achieved in the 
YS. The increase in the UTS was 9 and 30% after 1 and 3-passes, respectively. A similar trend 
was reported by Kumar & Iqbal (2013), where 3 % and 15 % increase in the UTS was achieved 
after 1 and 3-passes, respectively, of TE was conducted using AA6082.  This phenomenon was 
related to the strain hardening effect, which led to the onset of necking soon after yielding and 
thus decreased the non-uniform region of the tensile curve (Iqbal et al., 2016). The relatively 
small increase in UTS (Fig. 6.29, Table 6.3) associated with relatively low increase in strain 
hardening post yielding was positively reflected on the minimum reduction in ductility of the 
processed billets 1, 2, and 3-passes as displayed in Fig. 6.29. In other words, increasing the 
number of passes via route A using MCSTE (b 30o) significantly increased the strength (YS) 
of the AA5083 alloy and relatively retained the ductility which resulted in a stronger and 
tougher material. The reduction in ductility post MCSTE processing, relative to the increase in 
the YS is considered insignificant, where Zendehdel & Hassani (2012) reported a 129% 
increase in YS of AA6083 processed with 2-passes of TE at room temperature that was 
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accompanied by a 10% reduction in ductility. Conversely, processing 3-passes via MCSTE 
increased YS by 140% and decreased ductility only by 6%. Accordingly, the displayed results 
are indicative of the ability of the MCSTE process as an SPD technique to effectively deform 
high strength material to achieve a combination of enhanced yield strength and tougher 
material. 
 
Fig.  6.29 Eng. s-e diagram for AA5083 billets processed by 1, 2, and 3-passes of MCSTE (b (30o)) compared to 
the AR plates 
iv. Fracture Behavior 
Fig. 6.30 illustrates the SEM fractographs of tensile tested specimens post MCSTE 
processing for multiple passes. The fracture surface examined for the AA5083 MCSTE billets 
with and without processing at low magnification (Fig. 6.30 a, c, e, g) revealed a ductile failure 
mode manifested by the formation of relatively shallower, finer dimples compared to those 
attained in AA1100 (Fig. 6.23). Similar findings were reported in a study investigating the 
impact of ARB conducted on both commercially pure aluminum (AA1050) and strain 
hardenable AA5083 (Sedighi, Farhadipour, & Vini, 2016). For the AA 5083 alloy fracture 
surfaces, Fig. 6.30 (b,d) showed second phase particles within the deep dimples, suggesting 
that the failure was initiated at those particles. It is also suggested that those particles are mainly 
Fe-rich intermetallic compounds, which react with the Mg in AA5083 to form the intermetallic 
Al6 (Fe, Mg), which agrees with the chemical composition (Table 5.1). Fe is the most common 
impurity present in aluminum alloys for their ability to add strength (Kumari, Pillai, & Pai, 
2005). On the other hand, Fe-intermetallic compounds display a platelet like morphology 
which are known for having the most detrimental effects on the tensile properties of the 
AA5083 due to their brittle like nature and stress concentration created from their needle like 
structure as indicated in Fig. 6.26 (d) (Liu et al., 2017). In addition, cleaved planes with 
minimum deformation  were observed at facets with aligned needle like particles as depicted 
by the blue circle in Fig. 6.30b. 
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On the other hand, processing 1-pass via MCSTE resulted in the formation of a 
combination of equiaxed dimples and couplets slightly oriented in the direction of shear 
induced by the MCSTE as shown in Fig. 6.30 (c- d). Similar findings have been reported in 
(Liu et al., 2017). Increasing the number of passes up to 2 and 4 via MCSTE resulted in 
shallower and finer dimples, indicative of relatively lower ductility prior to the separation of 
the two surfaces. The increased shearing of the couplets in the direction of shear and decreased 
their depth as depicted in Fig. 6.30 (c-d) and (e- f), respectively. Formation of uniform dimple 
size (diameter and depth) across the fractured surfaces with increasing the number of passes, 
is indicative of enhancing the deformation uniformity across the cross-section of the billets as 
shown in Figs. 6.30 (e, g) for the 2 and 4-pass, respectively compared to that in the first pass 
(Fig. 6.30 (c)).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  6.30 SEM Images of the AA5083 fractured tensile specimens illustrating the fracture topography of the (a-b) AA, and 
the MCSTE (b (30o)) extrudates (c-d) 1-pass (e-f) 2-pass and (g-h) 3-pass at low and high magnifications, respectively. Blue 
arrows represent the shear direction, white arrows points at a magnified image and the white circles indicate the crack opening. 
b) a) 
c) d) 
e) f) 
g) h) 
a) b) 
c) d) 
e) f) 
g) h) 
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The blue arrows in Fig. 6.30 (c, e, and g) represent the direction of shear associated with the 
microvoid growth, coalescence and separation for the samples MSCTE 1, 2 and 3-passes, 
respectively. Similar to AA1100, higher magnification imaging revealed the formation of 
helical inner walls of the dimples and couplets, which represents the influence of twist 
extrusion as pointed at by white arrow shown in Fig. 6.30 (d).  Fig. 6.30 (h) shows evidence 
for the crack opening post void coalescence in the direction of shear (pointed at by a white 
circle). Sedighi, Farhadipour, & Vini (2016) elucidated that as a result of the higher strain 
hardening rate exhibited by AA5083 compared to 1xxx Al Alloys, the ductility of the material 
is reduced which limits the degree of the microvoid edge stretching prior to fracture within the 
necked region and thus results in shallower couplets associated with shear stresses. 
 
6.3.4 Effect on Microstructural Evolution of AA5083 
The AA, 1-pass, 2-pass and 3-pass billet microstructures were assessed using OM. Fig. 
6.31 demonstrates the microstructure at the peripheral and central regions for the as-annealed 
AA5083 before and after processing via MCSTE 1, 2, and 3-passes. The AA plates’ 
microstructure revealed relatively uniform grains with an average size of 32 µm both at the 
peripheries (Fig. 6.31(a)) and center (Fig. 6.31(b)). Table 6.4 lists the grain size variation for 
the samples after 1, 2, and 3-passes, measured both at the center and peripheries of the AA5083 
MCSTE billets.  
 
Increasing the number of MCSTE passes resulted in significant grain refinement at the 
periphery (Fig. 6.31 (c)) and at the center (Fig. 6.31d) for the billets processed with a single 1-
MCSTE pass. From the displayed results, the grain size of the AA5083 AA plates at the central 
regions were refined by 43, 68 and 90% after 1, 2, and 3-passes, respectively. Moreover, the 
grain size at the peripheries of the billets was refined by 50, 85 and 95%, for the billets 
processed with 1, 2 and 3-passes, respectively. As demonstrated, the average grain size at the 
center of the billet tends to be coarser compared to that at the peripheries, which agrees with 
the results obtained for AA1100 and the distribution of hardness values across the cross-section 
for AA5083 (Fig. 6.19, 6.27). On the other hand, augmenting the intensity of plastic straining 
through MCSTE up to 3-passes led to a significant grain refinement, where the average grain 
size measured was 2 and 1 µm at the peripheral regions compared to the central regions, 
respectively. Such grain refinement occurred simultaneously with the increase in the induced 
effective strain of approx. 1.5 for the 3-pass processed billets. Consequently, increasing the 
number of passes resulted in enhancing the structural uniformity across the billets’ cross-
section, as shown in Fig. 6.31(g-h), which also supports the observations made for the fractured 
surfaces in Fig. 6.30.  
 
Similar findings were reported Zendehdel and Hassani after performing 4 TE (b 30o) 
passes on AA6063 (2012). The average grain size increased by 92 and 94% at the central and 
peripheral regions, respectively. Comparing the average grain size measured for AA5083 
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compared to AA1100 processed under the same conditions (No. of passes and twist angle), it 
was evident that the grain refinement was higher for AA5083 compared to that of AA1100. 
 
 
 
Fig. 6.31  OM micrographs of A5083 at peripheral and central regions along the longitudinal cross-section for (a-b) AR (c-d) 
1Pass (e-f) 2Pass and (g-h) 4Pass, at high magnification X, respectively. Black arrows points at a magnified image of the 
selected region. 
This agrees with the mechanical properties displayed by both alloys. Starink et al. elucidated 
that materials exhibiting a lower SFE, in comparison to counterparts with higher SFE values, 
display lower rates of dynamic recovery and hence, the cDRX process is more pronounced 
especially if severe deformation is imposed (2009). Accordingly, the microstructure of the SPD 
deformed billets manifest finer grain sizes coupled with an isotropic distribution. It is suggested 
that since the 5083 Al alloy is a solid solution strengthened material, the alloying elements 
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reduce the SFE of the al alloy and hence reduce its tendency towards dynamic recovery and 
aids in achieving finer grains with the application of SPD (Zendehdel & Hassani, 2012). 
 
Table 6.4 Average grain size measured at the central and peripheral regions of AA5083 MCSTE (b (30o)) extrudates compared 
to the AA plate. 
Location 
Mean Grain Size (µm) 
AR 1-Pass 2-Pass 3-Pass 
Center 20 14±2 6.5±2.5 2±1 
Periphery 20 10±3.5 3± 1.5 1± 2 
 
6.4. PROCESSING USING MCSTE with (b) 40O 
This section aims to present the influence of variation of the MCSTE twist channel angle on 
the mechanical properties and microstructural evolution of non-heat treatable AA1100 and 
strain hardenable AA5083 post processing via MCSTE (b) 40O. Evaluation and Comparisons 
are made based on the following investigations: (i) processing loads, (ii) microhardness, (iii) 
tensile behavior, (iv)fracture behavior and microstructural and grain size evolution. Also, 
comparisons with results obtained as a result of processing via MCSTE (b) 30O are presented.  
6.4.1 Effect on Mechanical Properties of AA1100 
i. Processing Loads 
Fig. 6.32 shows the experimentally manually recorded loads applied during the 
deformation of AA5083 during 1, 2, 3 and 4-pass of MCSTE  b (40o) via Route A using the 
Schenk universal testing machine.  Similar to the observations made in the b (30o) study, the 
load rises to a peak (crest) value and then falls to a minimum (trough) value. Moreover, the 
maximum load after 4-passes approached 5.2kN, which represents 37% increase in processing 
loads compared to the billets processed 4-pass via b (30o).  
 
Compared to the MCSTE with twist channel angle (b 30o), the average loads required 
to deform the billets increased when the deforming angle was increased to 40°.  From equation 
(2.9), the cumulative effective strain increased with the number of passes (Fig. 6.17) when 
higher twist angles are employed, which agrees with the empirical results. A similar behavior 
was reported by Shahbaz et al. in a study conducted on vortex extrusion (VE), which is a variant 
design of the conventional TE die (2011). The study compared the processing loads of TE dies 
with different twist angles (30o, 90o, and 180o), the increase in the deformation load was 
directly proportional to the increase in the twist angles. 
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Fig.  6.32 Processing Load recorded for four passes of AA1100 via MCSTE using the die with twist angle b (40o). 
 
ii. Microhardness  
As listed in Table 6.5, hardness increase was more pronounced post processing via b 
40o compared to 30o (Figs. 6.19, 6.20 and 6.33, 6.34, respectively). The first pass resulted in a 
significant increase in the average hardness levels compared to the AR-plates. This increase 
could be attributed to the increase in effective strain associated with higher twisting angles 
within the twist extrusion channel, which agrees with the results revealed by the FE simulation 
in Fig. 6.17. An average effective strain of 0.9 mm/mm compared to 0.5 mm/mm were induced 
by MCSTE twisting angles b of 40 o and 30o, respectively. Also, these results are consistent 
with findings presented in (Latypov et al.,2014). 
 
Figure 6.33 displays the hardness contours and Hv-values recorded along the 
longitudinal cross-section for the billets versus the distance from each billet’s central to 
peripheral regions for 1, 2, and 4 passes. Similarly, Fig. 6.34 displays the HV values recorded 
along the transverse cross sections of the processed billet. From Fig. 6.33, it is observed that 
the uniformity of the hardness distribution along the longitudinal (extrusion) direction 
increased gradually with increasing number of passes, where the average Hv values for the 1-
pass was 58.8 and 62.6 at the central and peripheral regions, respectively, (Table 6.5). And that 
billets processed 4-pass displayed Hv-values of 69.3 at the center compared to 70.2 at the 
periphery. A similar trend in the distribution of strain and improved homogeneity was reflected 
in the effective plastic strain contours in Fig. 6.16. 
 
Moreover, a general trend is depicted in Fig. 6.34, where an anisotropic distribution of 
hardness was revealed compared to that obtained by deformation via b 30o (Fig. 6.20). Similar 
results were reported in (Latypov et al., 2013). Fig. 6.34 (c) illustrates the enhancement in 
hardness across the transverse cross-section of the 4-pass extrudate, 68 Hv was reported near 
the corner sites and then, gradually decreased to reach 62 Hv at central regions which the FE 
analysis indicated are areas where the strain induced was lowest (Fig. 6.16 (d)).  Also, generally 
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the hardness values are slightly lower along the transverse cross section compared to the 
longitudinal section. 
 
Table 6. 5 Mechanical Properties of the AA1100 processed via MCSTE b (40o) compared to the AR Plates. 
Processing Condition 
Hv Values 
YS (MPa) UTS (MPa) Elongation (%) Center Periphery 
AR 30 ± 2 30 ± 2 55 ± 1 74 ± 1 24 ± 1 
1-Pass 58.8 ± 4 62.6 ± 4.5 65± 2 90 ± 1 22.5± 1 
2-Pass 64.7 ± 3 66.5 ± 3.3 91 ± 2 105.6 ± 1 21 ± 1.5 
4-Pass 69.3 ± 2.2 70.2 ± 2.3 98 ± 0.5 115± 2 20 ± 0.5 
 
 
 
Fig. 6.33 Color-coded contour for the microhardness values recorded on the longitudinal planes of the AA1100 billets 
processed via MCSTE b (40o), route A: (a) 1-pass, (b) 2-passes, and (c) 4-passes. 
 
Fig. 6. 34 Color-coded contour for the microhardness values recorded on the transverse planes of the AA1100 billets processed 
via MCSTE b (40o), route A: (a) 1-pass, (b) 2- passes, and (c) 4-passes. 
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iii. Tensile Behavior 
The engineering stress-strain (σ-ε) curves for the as-received condition, as well as the 
processed billets after 1, 2 and 4-passes via MCSTE (b 40o), are shown in Fig. 6.35.  The tensile 
test results are summarized in Table 6.5, which lists the variation in yield, ultimate tensile 
strength and elongation % as a function of increasing number of passes compared to the AR 
condition. The σ-ε curves revealed that imposing intense SPD, via the novel MCSTE process 
with a higher twist angle (b) of 40o, resulted in a work-hardened material with slightly higher 
enhancement in the yield and ultimate tensile strengths values compared to that achieved via 
MCSTE of b 30o. This occurrence could be accredited to the increase in crystal defects 
especially the dislocation density, which is a direct result of inducing higher magnitudes of 
strain induced via the MCSTE of b 40o, as depicted by the FE model. Augmentation of the Hv 
values measured both on the longitudinal (Fig. 6.33) and transverse cross-sections (Fig.6.34) 
are complementary to the enhanced tensile properties of AA1100 deformed by MCSTE with a 
higher twist angle (Fig. 6.35). 
 
From Table 6.5, it is recorded that an increase of 65.5 and 43% was achieved in the YS 
and UTS, respectively, after 1 pass of straining via MCSTE of b =40o, compared to 45 and 32 
% increase ensued by MCSTE of b =30o, compared to the AR condition (Table 6.1). Further 
implementation of multiple passes up to 4 resulted in a significant increase of 78% and 55.4% 
in YS and UTS, respectively, compared to the AR condition.  It is important to note that after 
2-pass, the enhancement in tensile properties was quite consistent and moderate. Further 
increase was achieved by subsequent passes. It seems that by performing the 4-pass, the 
material reached strain saturation, as the material exhibits a reduction in the rate of strain 
hardening, which was discussed earlier in section 6.2.1. 
 
Moreover, despite the increase achieved in the YS and UTS, the extrudates displayed 
insignificant reduction in % elongation-to-failure, where a 4% reduction in ductility via 4-pass 
processing, compared to the AR condition. The phenomenon of retention of ductility is 
considered one of the peculiarities associated with SPD processing in general, where an 
increase in strength doesn’t necessarily lead to considerable decrease of the billets formability 
compared to the integral reduction coupled with most conventional deformation techniques. 
Mishra et al. (2005) in their study on copper processed by ECAP observed an inhomogeneous 
distribution of grain sizes where were comprised of: refined grains with HAGBs induced by 
the formation of the dense network of dislocations that formed dislocation substructures which, 
eventually, convert into fine grains as well as coarser grains with LAGBs that remain nearly 
unchanged. The authors claimed that the fine grains were mainly responsible for the increase 
in strength and that the remaining coarser grains restrained the reduction in elongation to failure 
(Mishra et al., 2005). 
 
On the other hand, a study (Kalahroudi et al., 2016) conducted on AA1050 via 8-passes 
of TE (b =60o) at RT reported that 4-pass processing via TE resulted in a 60% increase in the 
UTS, which was coupled with a significant 20% reduction in ductility. It is therefore, important 
to highlight that 4-pass via MCSTE with (b =40o) (55.4 % in UTS and 4% reduction in 
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ductility) represent one of the very important advantages of processing over its counterparts.  
Accordingly, the comparable results suggest that the effective strain induced by MCSTE with 
a higher twist angle almost equivalent to that of conventional TE with typical twist angles of 
60o (Fig. 6.17) and signifies the capability of MCSTE to achieve comparable strain hardening 
yet achieve strengthened material coupled with ultrahigh toughness compared to its 
counterparts. 
 
 
Fig.  6.35 Eng. s-e diagram for AA1100 billets processed by 1, 2, and 4-passes of MCSTE (b (40o)) compared to the AR 
plates. 
 
iv. Fracture Behavior 
Fig. 6.36 illustrates the SEM fractographs of tensile tested specimens post MCSTE (b 
(40o)) processing for multiple passes; 1, 2 and 4-Passes. Similar to the MCSTE (b (30o)) 
fracture surfaces examined in Fig. 6.23, the MCSTE (b (40o)) extrudates fractured surfaces 
revealed a ductile failure mode manifested by the formation of dimples indicative of void sheet 
mechanism of transgranular failure. Fig. 6.36 (a) show that failure occurred by microvoids 
nucleation and coalescence at clustered inclusions in the AR alloy (Qarni et al., 2017). The 
inclusions, as outlined in Fig.  6.22 , are mainly comprised of Fe, and Ca, which agrees with 
the chemical composition analyzed. 
 
The fractured surfaces for MCSTE (b (40o)) revealed a similar trend as that for MCSTE 
(b (30o)), where the blue arrows in Fig. 6.36 (a, c, d) represent the direction of shear associated 
with the micro void growth, coalescence and separation for the MSCTE extrudates 1, 2 and 4-
passes, respectively.  It could be observed that couplets were formed at 1-pass post processing 
via (b (40o)) (Fig.6.36 (a)), while for the same pass post processing via (b (40o)), equiaxed 
dimples dominated the fracture surface (Fig. 6.23 (c)) .Additionally, the higher magnification 
image in Fig. 6.36 (f) highlights the increase in the inclination of the couplets in the direction 
of shear post deformation by 4-passes of MCSTE (b (40o)) in comparison to that attained by 
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MCSTE (b (30o); Fig. 6.23 (g), which is indicative of the higher deformation intensity 
associated with processing via a higher twist angle. Also, this validates the higher effective 
stresses- simulated by the FE model- imposed by MCSTE b (40o) as well as the processing 
loads which led to the formation of an increased volume fraction of fine and shallow couplets 
as a function of increasing the number of passes. 
 
 
 
Fig.  6.36 SEM Images of the AA1100 fractured tensile specimens illustrating the fracture topography of the MCSTE; b (40o) 
extrudates (a-b) 1 Pass (c-d) 2 Pass (e-f) 4 Pass at low and high magnifications, respectively. Blue arrows represent the shear 
direction, white arrows points at a magnified image of the location selected. 
a) b) 
c) d) 
e) f) 
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6.4.2 Effect on Microstructural Evolution of AA1100 
To investigate the influence of increasing the twist angle (b ) to 40o, the microstructural 
evolution and grain refinement of AA1100 processed via MCSTE (b (40o)) was investigated 
using optical microscopy. Fig. 6.37 demonstrates the microstructure at the peripheral regions 
for the AA1100 extrudates processed via MCSTE (b (40o)) with 1 and 4-passes compared to 
MCSTE (b (30o)). Moreover, table 6.6 lists the grain size variation for the MCSTE extrudates 
after 1, 2, and 4-passes, measured both at the peripheral and central regions, compared to the 
AR plate. A Similar behavior in grain refinement is observed in extrudates processed via 
MCSTE (b 40o) compared to that with lower angles of twist. The average grain size at the 
central regions of the billet tends to be coarser compared to that at the peripheral regions, which 
agrees with the displayed hardness contours (Figs. 6.33 and Fig. 6.34). From the displayed 
results, the grain size of the AA1100 AR plates at the central regions were refined by 32.4, 
65.7 and 73 % after 1, 2, and 4-passes, respectively. The grain size at the peripheries of the 
billets were refined by 44, 70.7 and 74.7%, for the billets processed with 1, 2 and 4-passes, 
respectively. Subsequently, this suggests that significant grain refinement was attained, post 
processing via MCSTE (b 40o). The average grain size after 1-MCSTE pass was 68.5 µm, 
which remarkably decreased to 28.5 µm after 4 -passes. Due to the higher magnitude of simple 
shear strain induced via higher twist angle (~3.6) revealed through the FE analysis, the 
microstructural evolution in AA1100 post 4-passes of MCSTE (b (40o)) reveal a general 
enhancement in the reduction of the average grain size, especially post 1 and 2-passes 
compared to that achieved post 4-passes of MCSTE (b (30o)). After which, strain saturation 
occurred and the rate of grain refinement decreased in subsequent passes as recorded in Table 
6.6. Equivalent behavior in grain refinement was reported by Latypov et al. in their study 
conducted on Cu processed by TE die with twist angle 36o and compared to the empirical 
measurements of grain size reported post processing Cu via TE ( b (60o)) (2013). 
 
Table 6. 6 Average Grain Size Variation at the peripheral and central regions of AA1100 MCSTE b (40o) extrudates compared 
to the AR Plates. 
Location 
Mean Grain Size (µm) 
AR 1-Pass 2-Pass 4-Pass 
Center 111 75±2.5 38±4 30±1 
Periphery 111 62±4 32.5±3 27± 2 
 
Moreover, the displayed OM micrographs in Fig. 6.37 (c) illustrates the influence of 
MCSTE (b (40o)) processing for 1-pass compared to MCSTE (b (30o)) (Fig. 6.37 (a),) where 
clear grain refinement took place. As reported in table 6.6, the average grain size was 68.5 µm 
compared to 79 µm attained after 1-pass for (b (40o)) and (b (30o)), respectively. On the other 
hand, it is clear that further processing up-to 4 passes didn’t contribute to significant additional 
grain refinement as shown in Fig 6.37 (b) and (d) for angles 30o and 40o, respectively. This 
was, also, depicted by the grain size measurements, where an average of 29 µm was measured 
for 4-pass MCSTE (b (40o)) compared to  33 µm measured for 4-pass MCSTE (b (30o)). 
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Fig. 6.37 OM micrographs of AA1100 at peripheral regions across the longitudinal cross-section of (a) 1-Pass (b) 4-Pass 
extrudates processed via MCSTE (b (30o)) compared to (c) 1-Pass (d) 4-Pass extrudates processed via MCSTE (b (40o)).  
 
6.4.3 Effect on Mechanical Properties of AA5083 
i. Processing Loads 
Fig. 6.38 shows the experimentally manually recorded loads applied during the 
deformation of AA5083 during 1-pass of MCSTE  b (40o) via Route A using the Schenk 
universal testing machine. The forces in the first pass followed the same trend as all the 
previous conditions where two peaks (maximum) forces were recorded: 6 and 8 KN. From 
observation of Fig. 6.38, it is inferred that the highest deformation forces occurred during the 
deformation of AA5083 via twist channel of 40o. Such increase in forces explains the 
occurrence of shear localization and fracture of the AA5083 billet during the second pass. 
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Fig.  6.38 Processing load recorded for one passes of AA5083 via MCSTE using the die with twist angle b (40o). 
ii. Microhardness 
Fig. 6.39 illustrates the color-coded contour maps for the microhardness recorded on 
the longitudinal and transverse cross-sections of the 1st MCSTE pass of AA5083 extrudate. 
Remarkable increase in the hardness values was attained by only 1-pass of MCSTE b (40o). As 
recorded in table 6.7 the hardness values attained are equivalent to those attained after 3-passes 
of MCSTE b (30o).  Due to the high hardening rate of AA5083, performing subsequent passes 
resulted in shear localization and fracture. 
 
However, it its observed from Fig. 6.39 (b) that the investigated transverse cross-
sections display a higher degree of heterogeneity compared to the third pass extrudate 
processed by a lower twist angle MCSTE die, Fig. 6.24 (c). In the case of higher twist angles, 
the magnitude of strain is higher and thus resulted in higher increase in hardness accompanied 
with a slight enhancement in heterogeneity, where the hardness increased, non-uniformly, from 
the center (~112 Hv) to the periphery (~125 Hv) in the case of MCSTE b (40o).  In the case of 
deformation of AA5083 through MCSTE b (30o), the hardness values at the center (~121 Hv) 
varied slightly from those attained at the peripheral regions (~124 Hv) after conducting 
multiple passes.  Similar conclusions were made by Latypov et al. (2014) and Faregh and 
Hassani (2018). 
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Fig. 6. 39  Color-coded contour for the microhardness values recorded post MCSTE processing 1-pass (a) Longitudinal Plane, 
(b) Transverse planes for AA 5083 billets processed via MCSTE b (40o). 
Table 6.7 Mechanical properties of AA5083 processed via MCSTE (b (40o)) compared to the AR Plates. 
Processing Condition 
Hv Values 
YS (MPa) UTS (MPa) Elongation (%) Center Periphery 
AA 80 ± 2 80 ± 2 90 ± 2 230 ± 1 25 ± 0.5 
1-Pass 120 ± 3.5 126± 2 230 ± 2 315 ± 2 16 ± 1 
 
iii. Tensile behavior 
Fig. 6.40 demonstrates the engineering stress-strain (σ-ε) curves for the annealed 
condition, and 1- pass MCSTE (b (40o)) extrudate. Table 6.7 lists the variation in yield, ultimate 
tensile strength and elongation % post 1-pass compared to the AA condition. The σ-ε curves 
revealed that deforming AA5083 via MCSTE resulted in a notable strain hardening effect, 
 
Fig.  6.40 Eng. s-e diagram for AA5083 billets processed by 1pass of MCSTE (b (40o)) compared to the AR plates. 
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where a significant increase in the yield strength was achieved after only the first pass. From 
Table 6.3, it is clear that the YS increased by more than two and half times, compared to the 
AA condition, where the yield strength sharply increased from 90MPa to 230 MPa after the 1st 
pass. The increase in yield strength after 1-pass of MCSTE (b (40o)) was analogous to that 
achieved post 3-passes of MCSTE processing with a lower twist angle. Similarly, the UTS 
increased by 40 % after 1-pass relative to the initial conditions. A study conducted on AA6063 
deformed by TE (b (60o)) reported similar increase in YS and UTS after 1-pass. However, it is 
necessary to point out that no studies reported the fracture of the extrudates after the 1st pass of 
TE. But at the same time, Kumar and Iqbal (2013) emphasized the necessity to conduct TE at 
elevated temperatures for high strength aluminum alloys such as AA5083. The researchers 
were able to conduct 3-TE passes at 350 oC on AA6082, which yielded only a 17% increase in 
the UTS. Another complementary study was conducted on AA5083 which was deformed via 
4-passes of a variant of ECAP at 240 oC. The authors reported a 15 % in UTS after 4-passes 
coupled with a 7% loss in ductility (Fakhar, Fereshteh-Saniee, & Mahmudi, 2016). 
Furthermore, processing AA5083 by MCSTE with a higher twist angle led to a 9% reduction 
in ductility compared to the 6% decrease in AA5083 extrudates deformed via MCSTE (b 
(30o)). The results suggest that strain saturation had occurred in AA5083 (Cheng & Wu , 2001) 
after only one pass of MCSTE which led to substantial grain refinement and strengthening in 
a single process. These findings propose that MCSTE ((b (40o)) was able to achieve 
considerable enhancement in the mechanical properties of AA5083 and similar al alloys with 
less deformation load and energy compared to similar SPD processes at elevated temperatures. 
Additionally, the fact that only one pass was needed to achieve this considerable increase in 
strength is considered  highly favorable for the uptake of MCSTE in industry. 
 
iv. Fracture Behaviour 
Fig. 6.41 illustrates the SEM fractographs of tensile tested specimens post 1-MCSTE 
pass of AA5083. The fracture surface examined for the AA5083 MCSTE billet at low 
magnification revealed a ductile failure mode manifested by the formation a coarse 
nonuniformly distributed dimples, and ultrafine dimples which dominated the fractured 
surfaces, compared to high fraction of deep dimples dominating the fractured surfaces of 
AA5083 post 3- MCSTE passes via b 30o (Fig. 6.26 (g, h)). 
 
 
Fig.  6.41 SEM Images of the AA5083 fractured tensile specimens illustrating the fracture topography of the MCSTE (b (40o)) 
(a-b) 1-Pass at low and high magnification, respectively. Blue arrow represents the direction of shear. 
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6.4.4 Effect on Microstructural Evolution of AA5083 
Similar to the previous investigations carried out, the microstructure of 1-pass AA5083 
deformed by MCSTE (b (40o)) has been assessed through optical microscopy (OM). Fig. 6.42 
demonstrates the microstructure at the peripheral regions for the AA5083 billets processed via 
MCSTE (b (40o)) with 1 pass compared to MCSTE (b (30o)). Table 6.8 lists the grain size 
variation for the AA and 1-pass AA5083 extrudate.  The grain size of the AA plate at the central 
region was refined by 87.5%, while the peripheries were refined by 97.5%. The grain size 
analysis (Table 6.8) and the microstructure presented in figs. 6.42 (a, b), reveal substantial 
grain refinement post processing via MCSTE (b (40o)) after only 1-pass. These findings agree 
with the enhancement in mechanical properties reported in this study. Comparable reduction 
in the grain size was reported in a study investigating the impact of TE deformation of AA6083 
on the grain size, where 98% reduction in grain size was achieved after 16-TE passes were 
conducted (Zendehdel & Hassani, 2012). The authors explained that the strain distribution at 
deformation zones is strongly dependent on the die geometry (path and twist angle); in this 
case the MCSTE ((b (40o)) die was capable of inducing adequate stresses and strain that led to 
the formation of fine equiaxed grains possibly with HAGBs (Kozlov et al., 2008). 
 
Moreover, the OM micrographs of the AA5083 1-pass MCSTE ((b (40o)) extrudates 
demonstrated in Fig. 6.42 (b), revealed intensive shear compared to that of 1-pass MCSTE ((b 
(30o)) (Fig. 6.42 (a)). This agrees with observations made for fracture surfaces after 1-pass for 
both angles, where couplets were evident after 1-pass MCSTE ((b (40o)) (Fig. 6.41), while the 
fracture surface of 1-pass MCSTE ((b (30o)) was mainly comprised of equiaxed dimples (Fig. 
6.30 (c)). This can be attributed to the increase in the average effective strain/ per pass , from 
0.5 to 0.9 , associated with processing via MCSTE ( b (30o) and b (40o), respectively.  
 
Fig. 6.42 OM micrographs of AA5083 at peripheral regions across the longitudinal cross-section of (a) 1-Pass extrudate 
processed via MCSTE (b (30o)) compared to (b) 1-Pass extrudate processed via MCSTE (b (40o)).  
  
Moreover, the material flow pattern at the peripheries of the first pass extrudate along 
the longitudinal direction (flow direction) is shown in Fig. 6.43, where the extensive shear flow 
is indicated by the arrow, compared to depicted in AA1100 processed via MCSTE (b (30o)) 
(Fig. 6.17). 
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Fig.  6.43 OM micrograph of AA5083 after 1-pass of MCSTE (b (40o)) at the peripheries (White arrow represents the shear 
flow pattern). 
Table 6. 8  Average grain size distribution at the central and peripheral regions of AA5083 MCSTE (b (40o)) 1-pass extrudates 
compared to the AA plate. 
Location 
Mean Grain Size (µm) 
AR 1-Pass 
Center 20 2.5±3 
Periphery 20 0.5±4.5 
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CHAPTER 7 
 
CONCLUSION AND RECOMENDATONS 
The research work was undertaken to evaluate and validate the capabilities of a novel 
SPD process based on twist extrusion (TE). The novel technique presented herein was entitled 
as “Multi-Channel Spiral Twist Extrusion (MCSTE)”. In the current study, evaluation of the 
process was limited to investigating the influence of the number of passes, route type (A, C) 
twisting angle (b 30, 40o) and material (AA1100 and AA5083).  Moreover, evaluation of the 
effective stresses and strains associated with MCSTE processing was carried through 
numerical analysis employing Simufact forming software. Mechanical properties (Hardness 
and Tensile behavior), fracture behavior, and structural evolution were successfully employed 
to provide explanation for the process variable parameters. From the displayed results, the 
MCSTE novel die deign for SPD offers several advantageous features over its counterparts 
which makes it entitled for industrial applications.  
 
MCSTE proposes a rather simple and effective solution that makes TE a viable method 
for commercialization purposes. MCSTE proposes the use of customized stacked disks to host 
a non-circular cross-sectional billet to be processed through a TE die with a reduced twist angle 
(β) of 30o and 40o compared to 60o typically used in conventional TE dies. The introduced 
modifications to the conventional TE die provides a rather simple and effective solution that 
will translate into processing cost savings and higher die durability. Accordingly, in this section 
the conclusion will be divided into conclusions related to (i) The Technological and Processing 
Advantages and (ii) the Numerical and Experimental Findings  
 
MCSTE Technological and Processing Advantages are:  
1.  Instead of having to fabricate different expensive TE dies customized for different 
cross sections and applications, MCSTE provides the use of a set of disks customized 
for different cross-sectional sizes and shapes.  
2. The disks are all suitable to use in the same MCSTE die and they contain the deformed 
material, which reduces the flash and warpage caused in the former technique and 
translates in less material waste.  
3. The relatively low extrusion stresses associated with MCSTE compared to the 
conventional ones is expected to prolong the lifetime of the die and hence, enhance the 
die durability. 
4. MCSTE can be used to process either ingot or powder materials based on the 
replacement of the inlet channel by the powder compaction one suitable for PM 
processing. 
5. The current MCSTE setup could process billets of length ranging from 4-80 mm.  
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6. The backpressure configuration allows for changing the magnitude of the applied anti- 
pressure by adding more springs or replacement with springs of different stiffness.  
 
Numerical and Experimental Findings: 
 
Based on the numerical and experimental investigations, the following can be concluded:   
 
1. Conclusions based on Numerical Analysis: 
a. FE analysis reveals that MCSTE processing is associated with an effective 
strain which varies with the twist channel angle and is independent from the 
Material type. 
 
b. MCSTE with twisting angle (b =30o) produces an average effective strain of ~ 
0.5 per pass compared to ~0.9 for MCSTE (b=40o).  
 
c. The effective strain for MCSTE (b=40o) approached that of conventional TE 
(b=60o) inducing an average effective strain of ~1.12. 
 
d. The total effective strain increases proportionally with the number of passes. 
 
e. The average effective stresses associated with AA1100 MCSTE processing 
were 53 and 122 MPa post 1 and 4-passes, respectively. Whereas, the average 
effective stresses associated with AA5083 MCSTE processing were 400 and 
750 MPa post 1 and 3-passes, respectively. 
 
f. The maximum stresses associated with MCSTE processing are much lower than 
those induced during conventional TE processing. A maximum of 80 and 259 
MPa were recorded for AA1100 post 1-MCSTE pass and 1- conventional TE 
pass, respectively. 
 
2. The DoE initial screening indicate that, 
a. The number of passes was the most decisive factor controlling the strength of 
material.  
 
b. Route A achieved slightly enhanced mechanical properties compared to route 
C. 
 
c. The punch speed (processing strain rate) has the least effect on properties.  
 
d. The MCSTE processing at a relatively low twist angle (β) of 30° results in an 
obvious increase in hardness and tensile properties as a function of increasing 
the number of passes, which validates the ability of the process for imposing 
severe plastic deformation compared to its counterparts. 
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According to the DOE findings, further experimental analysis and characterization was 
limited to MCSTE processing via route A for a maximum of 4-passes via twisting 
channel die b 30o and 40o at 10mm/min punch speed for pure and strain hardenable 
AA-alloys (AA1100 and as-annealed AA5083). Based on which the following can be 
concluded,  
 
 
3. Conclusions based on Experimental Characterization:  
a. MCSTE processing loads via b 30o and 40o is associated with much lower 
loads compared to conventional TE (2-8KN and 12-130KN, respectively) 
due to the billet-disc assembly design feature, which provides an advantage 
of MCSTE over its counterparts.  
b. MCSTE processing number of passes is dependent on the type of alloy, 
where AA5083 could be deformed without shear localization at room 
temperature only one-pass when a twist angle of b 40o is used, while 4-
passes were achievable using AA1100 alloy. Warm working is accordingly 
recommended for increasing the number of passes depending on the alloy 
processed. 
c. The ability of the MCSTE process for producing comparable ultrahigh 
strength coupled with high toughness. An obvious increase in the 
mechanical properties as a function of the number of passes was reported in 
chapter 6 and was coupled with insignificant decrease in ductility, where the 
highest increase in properties has been displayed post deformation via 
MCSTE ( b = 40o). 
d. Increasing the number of passes, doesn’t only increase hardening and 
strengthening of the SPD billets, but rather increased uniformity of 
deformation across the billet longitudinal and transverse cross-sections.  
e. Inspection of the distribution of properties along the transverse and 
longitudinal cross-sections of MCSTE (b = 30o) extrudates as well as the 
optical micrographs, indicated a rather homogenous distribution compared 
to those achieved in MCSTE (b = 40o). 
f. MCSTE showed the ability for grain refinement for both AA1100 and 
AA5083 alloys, which attributed to the enhanced increase in hardness and 
tensile properties with increasing the number of passes. This also agrees 
with the findings of the numerical analysis.  
g. Failure of both alloys followed the typical ductile failure mode of AA-
alloys, which is augmented with refinement and shearing of the dimples into 
couplets that dominated the fractured surfaces. 
h. MCSTE processing via twisting angle b 40o results in higher shear 
deformation intensity which was manifested by the formation of couplets 
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post 1-pass processing, while angle b 30o showed mixed equiaxed and 
couplets post 2-pass. 
 
4. Recommendations and Further Studies:  
Further studies are needed to produce a comprehensive structural analysis using 
TEM to further understand the influence of the MCSTE process on the structural 
evolution including texture variation. In addition, studies are currently undergoing 
to investigate the influences of increasing the number of passes beyond 4-passes 
and the application of backpressure as well as the influence on various the billets’ 
cross-sectional shapes and sizes and higher punch speeds. 
Additionally, the validation of the Johnson cook parameters are recommended prior 
to further numerical analysis.  
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APPENDIX A- Die Design and Manufacturing 
 
Fig. 1 Schematic of the MCSTE setup 
 
 
 
 
Fig. 2 Upper Straight Channel 
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Fig. 3 Twist Channel 
 
 
 
 
 
 
 
 
Fig. 4 Cross section representing the twist angle 
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Fig. 5 Bottom Straight Channel 
 
 
 
 
 
 
 
 
Fig. 6 Pressing Punch 
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Fig. 7 Vertical Cross-section in the MCSTE die 
 
Pilot Test 
 
The model was produced using the state of the art 3D printer at Mechanical Department 
Laboratory, AUC. The material used to produce the prototype seen in figure 8 was Polyamide 
Nylon . 
 
Figure 8 (a) side view of the prototype (b) Top view (c) Straight and Twist Channel zones 
With the co-supervision of Dr. Waleed El Garaihy, Trials exploiting the prototype scheme was 
used to verify the concept of operation of the novel technique. For primary trials, commercial 
lead ingots were formed in a mold (manufactured in the workshop) with exact dimensions to 
fit the twist extrusion model. The ingot was fitted within the stacked disks. 
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Figure 9  (a) Pressing the ingot through the twist channel (b) Aluminum Stacked discs after 
twist extrusion (c) The specimen after processing 
The clear twist line presented in figure 9 (c) proves the success of the proposed design as a 
feasible twist extrusion technique. 
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APPENDIX B – Design of Experiments 
 
Table 1 Input factors and level combination for the screening experiments 
Process Design 
Process variables 
Strain Rate 
(mm/min) Route Type No. of passes 
Le
ve
ls
 Low (-1) 3 A 1 
Medium(0) 10 - - 
High (+1) 20 C 2 
 
 
Table 2 I-optimal Experimental Design with actual variables and response 
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Sample from the ANOVA Results for Yield Strength 
 
Fit Statistics for the Yield Strength 
Fit Statistics for Ultimate Tensile Strength 
 
Fit Statistics for Average Hardness 
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